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The  traditional  view  of  parental  investment  in  offspring  has  concentrated  on  energy 
expenditure  by  the  parent  in  preparing  propagules  and  nurturing  the  young  This  study 
sought  to  expand  that  definition  by  examining  aspects  of  nurturing  that  are  ov^ooked  in 
the  traditional  model,  but  are  important  in  oviparous  reptiles  because  of  tbnr  life  history 

The  role  of  the  eggshell  during  incubation  was  studied  as  a characteristic  of 
maternal  Investment  Ultrasirtiaure  of  fresh  and  spent  eggshells  ofthe  loggerhead  turtle 
(Carella  care/fa]  was  described  using  scanning  electron  microscopy,  and  a pattern  of  basal 
calcium  carbonate  dissolution  was  proposed  that  is  consistent  with  known  changes  In 
developmental  physiology  and  physical  attributes  of  incubated  eggs.  Initial  calcium 


ilmeni  in  eggshells  differed  i 


and  sand  affected  dissolution  of  eggdieil  calcium  (P<0.05)  without  appearing  to  influence 
calcium  incorporation  into  the  egg  contents 

Nest  casting  studies  examined  maternal  investment  in  the  nesting  environment 
Analysis  of  nest  chamber  size  and  structure  revealed  significant  correlations  of  maternal 
body  size  and  clutch  size  with  nest  size  parameters.  Nests  dug  on  a renouiished  beach 
exNbiied  skewed  variances  in  actual  depth,  potential  air  ^ace  and  several  shape 
parameters  influenced  by  mechanics  of  excavation  Nests  from  the  natural  beach  showed 
normal  distributions  of  size  variances.  The  size  of  a chamber  constructed  by  a female 
appears  linked  to  selective  pressures  exerted  by  body  and  clutch  size  and  is  sensitive  to 
variation  ui  the  density  of  the  nesting  medium  Effects  of  egg  position  within  the  chamber 
were  examined  by  excavation  of  nests  at  3 time  intervals  throughout  incubation  and  by 
classification  of  eggs  as  top.  side,  bottom  or  inner  based  on  location  and  contacts  Egg 

hatchling  mass,  and  hatchling  sex,  significant  effects  of  clutch  on  these  parameters  were 
attributed  primarily  to  location  of  the  nests  on  the  beach  and  the  accompanying  thermal 
and  hydric  conditions  These  findings  elucidate  the  contribution  of  factors  previously 
overlooked  as  impoaant  components  of  maternal  investment  and  have  critical  implications 
for  sea  turtle  nesting  beach  conservation  measures 


CHAPTER  I 
INTRODUCTION 


I^scusuons  of  the  concept  of  parenraJ  invesunent  in  offspring  have  traditionally 
centered  on  either  transfer  of  energy  from  adult  to  offspring,  or  behavioral  adaptations  of 
ihcaduli  which  culminate  in  extended  care  for  ihe  ofEtpring.  Trivers  (1985)  defined 
parental  investment  as.  “anything  done  for  the  offspring,  including  building  it.  which 
increases  the  oflspiing's  reproductive  success  at  a cost  to  the  remainder  of  the  parent's 

Drickamer  and  Vessey  (1982)  described  2 general  life-history  strategies: 

1)  Species  adapted  to  stable,  predictable  environments  have  a tendency  toward 
greater  body  size,  slower  development,  longer  life  span  and  having  small  numbers 
of  young  at  intervals,  with  exteruive  parental  care  given 

2)  Species  adapted  to  variable  and  unpredictable  environments  have  high 
reproductive  rates,  rapid  devdopment.  small  body  size  and  little  parental  care,  with 

Sea  turtles  fit  into  neither  of  these  categories  cleanly,  drawing  their  habitat  from  the 
second,  their  growth  partem  riom  the  Hrst  and  part  of  their  reproductive  strategy,  at  least 
putatively,  from  the  aecond  Taxa  like  fish  and  amphibia,  with  exceptions,  fall  into  the 
second  class,  offering  considerable  investment  in  yolk  stores  and  variable  care  In  marine 
teleost  fish  16%  of  known  families  exhitnt  parental  csre  whereas  57%  of  freshwater 


leleosts  include  care  in  Iheir  reproductive  simegies  (Krebs  and  Davies.  1991).  Thelaner 
environment  was  conudered  to  be  more  unpredictable,  with  potentially  Idgher  predation 
rates.  Invertebrates  are  also  generally  considered  members  of  Drickamer  and  Vessey’s 
second  group,  but  many  species,  such  as  insects,  commonly  exhibit  care  and  brooding 
behavior  In  oviparous  species,  any  contents  of  the  propagule  besides  an  embryo  and  any 
manipulations  of  the  propagule  during  or  after  ovipodtion  may  be  considered 
enhancemenls  specifically  for  the  care  and  protection  of  that  embryo. 

Congdon  and  Gibbons  (1990)  offered  a revised,  bipartite  definition  of  parental 
investment  specific  to  reptile  eggs  This  consisted  of  the  energy  invested  in  producing  an 
entire  embryo,  and  secondly,  the  energy  invested  in  excess  of  that  needed  to  make  an 
embryo,  to  be  used  in  enhancing  hatchling  quality. 

For  an  animal  like  a sea  turtle,  limiting  discussions  of  parental  investment  to  energy 
as  the  currency  may  result  in  serious  underestimation  of  the  actual  output  of  resources  by 
the  female  Congdon  and  Gibbons  (1990)  present  the  idea  that  the  fiinclion  of  the 
eggshell  in  protecting  the  embryo  might  be  partially  aaalogous  to  the  function  performed 
by  the  carapace  and  plastron  later  in  life,  then  immediately  go  on  to  discuss  parental 
investment  in  terms  of  yolk  reserves.  This  represents  the  traditional  line  of  reasoning  that 
overlooks  the  eggshell  as  a type  of  maternal  investment  to  ensure  hatdiling  survival  Like 
the  yolk,  the  shell  comes  from  malemal  reserves  (protein  and  mineral),  serves  the  needs  of 
the  embryo,  and  does  not  persist  into  later  life  stages. 

In  reviewing  the  evolution  of  the  reptilian  egg.  Packard  and  Packard  (1980)  cited 
theories  thal  the  eggs  of  the  romeriid  caplodtinomorphs  were  similar  to  amphibian  eggs 


wiih  the  outermost  jelly-like  layer  being  lough  enough  to  serve  a protective  function 
They  suggest  that  calcification  of  the  eggshell  developed  as  a dcfen»ve  measure  under 
seleetion  pressure  exerted  by  microbial  and  inveiiebrate  egg  predators  They  also  describe 
hew  the  amount  of  protective  calcification  is  closely  aligned  with  water  absorption  by  the 
egg  through  incubation  eggs  with  minimal  calcificatiun  usually  require  large  water  uptake 
to  supplement  s^at  is  available  in  yolk  and  albumen,  eggs  with  pliable  calcified  shells 
facultatively  take  up  water,  enhancing  hatchling  quality,  and  eggs  with  rigid  shells  are 
generally  independent  of  external  water  for  developmental  needs  Sea  turtle  eggs  fall  into 
the  second  class  and  are  therefore  very  responsive  to  the  incubation  environment  In  their 
discuswon  of  maternal  proteins  invested  in  the  egg  for  protection  and  to  aid  in  water 
uptake,  Palmer  and  Guilleire  (1988b)  mendon  the  variability  in  moisture  and  microbial 
pressures  to  which  reptilian  eggs  must  respond  They  also  note  the  lack  of  parental  care 
but  do  not  explicitly  refer  to  the  proteins  as  an  aspect  of  care. 

Any  sort  of  discrimination  a female  turtle  makes  in  selection  ofher  nest  site  is 
reflected  in  the  incubation  environment  of  the  nest.  The  shape  and  size  of  the  chamber 
that  she  digs  may  also  have  a profound  efi'ect  on  the  offspring  hy  dictating  the  type  of 
microclimate  in  which  they  develop  Holallng  et  al.  (1985)  reported  significant  effects  of 
egg  position  within  the  nest  on  mass  of  hatchling  snapping  turtles,  and  Standoraer  al. 
(1995)  observed  difierential  sex  determination  by  position  in  green  turtle  nests. 

From  such  observations,  it  is  clear  that  the  egg  preparation  and  nesting  process  in 
marine  turtles  have  evolved  to  afford  the  eggs  and  offering  a type  of  care  outside  the 
usual  conaderalions  The  purpose  of  this  study  is  to  examine  the  alternative  investments 


in  matemaj  care  made  by  loggerhead  runles  in  providing  protection  and  adequate 
incubation  environments  for  their  eggs  In  Chapter  2 the  eggshell  is  ettamined  u^g 
scanning  electron  microscopy,  with  a focus  on  the  role  it  plays  in  incubation  and  the 
changes  h undergoes  in  fulfilling  that  role  Chapter  3 quantifies  the  occutrence  and 
pattern  of  eggshell  dissolution  over  the  course  of  incubation  under  laboratory  conditions 
to  support  the  observations  made  in  Chapter  2.  Nest  chamber  morphology  regulates  the 
natural  incubation  environinem  experienced  by  eggs  in  a clutch  Therefore,  putative 
deiemtlnanis  of  nest  shape  and  site  are  considered  in  Chapter  4;  nest  morphology 
response  to  nesting  media  on  a natural  and  a renourished  beach  are  examined  as  well. 
Chapter  5 considers  the  effect  of  position  within  the  nest  on  a suite  of  egg  characlerisfica 
over  the  course  of  incubation,  and  the  effect  of  position  on  several  hatchling  parameters 
Chapter  6 provides  a synthesis  of  the  findings  as  a case  for  an  expanson  of  the  traditional 
concept  of  tnatemai  investment  in  marine  turtles 


CHAPTER  2 

CHARACTERIZATION  OF  CALCIUM  CARBONATE  DISSOLUTION  FROM 
EGGSHELLS  OF  LOGGERHEAD  TURTLES  (C^/i/iTO  CARKTTA)  USING 
SCANNING  ELECTRON  MICROSCOPY 

ImrodLCiion 

The  shell  nla  reptile  egg  is  generally  composed  of  an  inner  layer  of  proteinaceous 
libers  and  an  ouler  layer  of  calcium  carbonate  laid  down  over  the  albumen.  Snahesand 
lizard  eggs  usually  eahibii  minimal  calcification,  turtle  eggs  range  from  lightly  to  heavily 
calcified,  and  crocodilian  e^  have  a veiy  thick  calcareous  layer  (Congdon  and  Gibbons. 

1 990)  In  birds  and  archosaurians.  these  2 materials  are  deposited  on  the  egg  in 
functionally  and  spatially  disparate  portions  of  the  female  reproductive  tract,  whereas  in 
turtles  and  tortoises,  the  uterus  is  the  site  where  both  layers  are  laid  down  (Palmer  and 
Guilletie.  1 988a,  1 988b;  Palmer,  1 990).  The  basic  arrangements  of  these  l^rs  within  the 
ultrastiucture  of  freshly  oviposited  reptilian  eggshells  has  been  documented  by  scanning 

hatching  Besides  the  protective  functions  died  by  Congdon  and  Gibbons  (1990). 
numerous  investigations  have  shown  that  considerable  amounts  of  the  calcium  conlained 


I Greenham, 


1968:  Bustard  eta/..  1969;  Packard  and  Packard.  1991,  Packard  era/.  1992).  Tke 
mechanism  by  which  a sea  turtie  embryo  trees  caidum  from  the  eggaheti  to  meet  its 
deveiopmentai  needs  is  postulated  to  be  the  carbonic  anhydrase-mediated  rormalion  of 
carbonic  acid  troin  respired  caibon  dioxide  and  environmental  water  (Bustard  and 
Greenham.  1968;  M.J.  Packard,  pers.  comm.)  The  considerable  amount  of  calcium 
carbonate  dissolved  from  the  eggshell  in  this  manner  far  exceeds  the  embryo's  need  for 
calcium,  and  very  likely  ils  ability  for  uptake  (Packard.  1 994)  Much  of  this  tnaterial  is 
lost  to  the  surrounding  environment;  indeed  the  friable  nature  of  the  calcium  carbonate 
layer  on  a post-hatch  sea  turtle  eggshell  is  well  known  by  field  and  laboratory  workers  In 
light  of  the  eggsheH’s  critical  role  in  protecting  the  egg  contents  trom  mechanical  damage 
and  microbial  attack  (Packard  and  Packard.  1980),  this  is  a drastic  alteration  in  sinicture 
The  visible  ullrastructural  changes  ceused  by  dissolution  of  the  shell  during  incubation 
have  received  Hide  attention  in  studies  of  reptilian  eggs,  as  compared  with  the  volume  of 
research  on  egg^ell  formation  ullrastruclure  (Packard  and  Packard,  1 980,  Solomon  and 
Reid,  1983.  Packard  er  u/..  1984.  Palmer  and  Gullletle.  1988a.  Simkiss  and  Wilbur,  1989, 
Packard  and  DeMarco,  1991,  Palmer  el  a/.  1993),  and  mineral  movemeni  between 
internal  egg  compartments  (Packard  and  Packard,  1989,  1991;  Packard  et  al..  1992. 
Packard,  1994;  Packard  and  Clark,  1996). 

The  structure  and  composition  of  sea  turtle  eggshells  have  been  characteiized  by  a 
number  of  investigators  Solomon  and  Baird  (1976,  1977)  contrasted  morphology  and 
biochemistry  ofoviducal  and  oviposited  eggs  ofCfwlama  myiiiy.  Crystaibne 
arrangements  in  farmed  and  wild  C.  mydas  eggs  were  desenbed  by  Baird  and  Solomon 


(1979).  Eggshellsof/TemiM'/wt)'.!  twidc'ca  wereexamined  for  crysul  morphology 
(Solomon  and  Wan,  1985)  and  resistance  lo  fungal  penetralion  (Solomon  andTippnt. 
1987)  Packard  or  oA  (1 982)  made  observations  on  the  basic  structure  orrarello  carerni 
eggshells.  These  and  other  scanning  electron  microscopic  studies  have  provided 
information  on  e^hell  morphology  Earlier  work  by  Simkiss  (1967)  and  Bustard  el  at. 
(1969)  yielded  data  on  calcium  content  of  the  shell  and  various  egg  compartments. 

Laying  down  an  e^hell  represents  a considerable  investment  of  maternal  protein 
and  mineral  resources  The  significant  disruption  of  the  calcium  carbonate  layer  by  the 
end  ofincubation  suggests  that  egg  viability  considerations  other  than  protection  and 
calcium  supply  lo  the  embryo  have  exerted  selective  pressures  on  the  evolution  of  the 
eggshell  The  objective  of  this  study  was  to  observe  pre-incubation  and  post-incubation 
shell  structure  of  C careila  eggs  using  scanning  electron  microscopy,  and  to  examine  the 
qualitative  effects  of  embryonic  use  of  shell  resources  Specifically,  this  included 
verification  and  further  elucidation  of  known  eggshell  structures,  examining  shells  for 
visible  evidence  of  the  localization  and  sequence  of  calcium  loss,  and  exploring  possible 
causes  of  the  late-term  fragility  of  the  calcium  carbonate  layer  of  the  eggshell. 


The  1 6 C.  cartna  eggs  examined  for  this  study  were  collected  at  Melbourne 
Beach,  Florida,  under  Florida  Department  of  Environmental  Protection  (FLDEP)  Marine 
Turtle  Permit  TP-016  Eggshells  came  from  3 freshly  oviposited  eggs  from  different 


females.  7 eggs  from  difTerenl  nests  hatched  m siih  on  the  beach,  and  6 eggs  from  different 
females  used  in  laboratory  incubation  studies.  The  shells  from  the  laboraiory-incubeiion 
were  from  3 eggs  incubated  in  air  at  9S-I00  % relative  humidity,  and  3 incubated  in  sand 
maintained  at  4-5%  gravimetric  water  content.  One  of  the  3 eggs  from  each  regime  was 
incubated  for  30  days,  I for  43  days  and  the  third  until  hatching. 

Samples  cut  from  all  eggshells  were  rinsed  gently  in  de-ionized  water  Shell 
sections  were  air-dried  and  mounted  on  aluminum  stubs  with  double-stich  tape  or  colloidal 
graphite  Orientation  of  mounting  was  varied  to  permit  inner,  outer  and  edge  views  as 
required  The  specimens  were  spurter-coated  with  gold/palladium  for  90  seconds  Shell 
samples  were  examined  using  a Hitachi™  S-450  scanning  electron  microscope  The 
instrument  was  operated  at  an  accelerating  voltage  of  20kV.  and  photographs  were  taken 
with  Polaroid™  Type  55  poativefnegative  film. 


The  eggshell  structures  observed  in  tins  study  are  consistent  with  descriptions 
provided  by  other  investigators  The  external  mineral  layer  of  a frostily  oviposited  egg 
(Rgs  2-1. 2-2)  is  composed  ofclos^y  packed  units  of  calcium  carbonate  in  die  spicular 
aragcnKe  configuration.  The  crystals  of  adjoining  units  do  not  interlock,  but  rather  appear 
to  interlace  slightly  at  the  peripheiy  of  each  This  important  characteristic  allows  the  shell 
to  be  pliable,  flexing  without  damaging  the  calcium  layer  Both  tabular  calcile  and  spicular 
aragonlie  forms  of  calcium  carbonate  were  reported  in  the  eggshells  of  captive  Chtlonia 


myiiasby  Solomon  and  Baird  (1976)  and  Baird  and  Solomon  (1979).  Otmochclys 
coriacea  eggshells  were  reported  to  contain  both  crystalline  morphologies  as  well 
(Solomon  and  Walt,  1985).  The  frequency  and  cause  of  both  crystalline  morphologies 
occurring  in  a single  egg  is  unknown;  it  may  be  linked  to  diet  in  captivity,  or  a facultative 
response  to  obscure  environmental  cues  (Solomon  and  Baird.  1976;  Solomon  and  Rdd, 
1983)  In  this  study  of  r.  coreru  eggshells  only  the  aragonite  crystalline  morph  was 
observed.  Deposition  of  the  calcium  layer  in  the  ulerus  of  the  turtle  generally  follows  the 
crystal  growth  pattern  described  by  SImkiss  and  Wilbur  (1989)  for  avian  eggs:  nudeation 
of  calcium  carbonate  on  a protein  core  10  form  a mammillary  core  or  knob,  then  growth  of 
this  initial  spheruliic  in  all  directions  Inward  and  lateral  growth  of  the  crystal  is  quickly 
restricted  by  the  density  of  the  fibrous  membrane  and  by  adjacent  crystal  units 
respectively,  Ihereafler  growth  of  the  unit  is  basically  unidirectional,  outward  from  the 
shell 

The  calcareous  layer  of  the  shell  is  attached  to  the  librous  membrane  lesiacea 
From  the  surface  of  a hatched  and  calcium  depicted  eggshell,  and  in  cross-section,  this 
membrane  appears  to  have  a sponge-like  consistency  (Fig  2-3).  When  peeled  in  a plane 
tangential  to  the  shell  surface,  its  fibrous  nature  becomes  apparent  (Fig.  2-4)  The  inner 
surface  of  the  fibrous  layer  is  lined  by  a Ihin,  smooth  boundary  membrane  ofprDlein, 
viable  in  the  lower  comers  of  Figure  2-4,  it  is  likely  that  the  protein  is  ^ycosaminoglycans 
(Palmer  and  Guillette,  1988)  Solomon  and  Baird  (1977)  observed  both  random  and 
parallel  fiber  arrangements  in  the  testacea  of  Che/owa  mydas.  The  same  was  found  in  C. 
careiia  eggshells  in  this  study,  from  a mechanical  standpoint,  this  arrangement  seems  to 
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indicaie  tumbling  and  changes  in  rolalional  velocity  o title  egg  in  ntemas  the  fibers  are 
laid  down,  similar  to  that  described  by  Palmer  el  □/.  (1993)  within  the  oviduct  of 
Sceloponi!  woodi.  The  individual  fibers  consist  ot  a polysaccharide  sheath  uolb  a central 
protein  core  (Solomon  and  Baird,  1977)  No  difterences  were  observed  in  the  fibrous 
membrane  layers  of  fresh,  mldtemi  and  hatched  eggs.  It  is  possible  that  some  change  may 
have  been  overlooked  as  an  artifact  ot  the  preparation  process  (air-drying);  however 
Packard  elal  (1 984)  observed  no  differences  in  morphology  between  air-dried  and 
critical-point  dried  eggshells  of  ^luo.vremoir  JlavuKeus  From  personal  observation,  there 
is  an  increased  pliability  otihe  fibrous  layer  when  it  Is  hydrated,  diy  eggshell  is  extremely 
brittle,  dehydration  otdned  eggshell  returns  much  of  its  pliability  and  tensile  strength 
Whether  any  swelling  of  the  fibers,  or  the  membrane  as  a whole,  occurs  in  the  presence  of 
water  is  unknown  An  alternative  preparation  technique  such  as  initial  fixation  of  fi'esh 
eggshells  in  glularaldehyde  prior  to  drying  may  elucidate  this.  Any  changes  in  membrane 
pliability  and  thickness  due  to  hydration  would  have  important  consequences  for  retention 
of  the  calcium  carbonate  layer,  particularly  in  eggshells  where  some  depletion  has 
occurred 

The  points  of  attachment  between  the  calcareous  layer  and  the  fibrous  layer  are 
the  mammillae,  protein  cores  that  serve  as  nucleation  sites  for  crystals  as  the  eggshell  is 
being  formed  (Figs  2-S.  2-6).  Solomon  end  Reid  (1933)  observed  the  same  mammillary 
layer  structure  for  hatched  red-eared  terrapin  {PsuwL’my.^  xcripta  ehganx)  eggshells  os 
that  seen  for  loggerhead  eggs  in  Figure  2-6.  The  configuration  of  aragonite  crystals 
radiating  from  the  mammillae  reflects  (he  pattern  of  calcium  carbonate  deposition  onto  the 
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mammillary  com  crystal  The  spent  eggshells  from  the  sand  and  natural  incubations  both 
showed  a preponderance  of  empty  mammillae  (estimated  > 90%),  with  scattered  crystals 
from  lost  crystalline  uttils  littering  and  penetrating  the  testacea  (Figs.  2-S,  2-7).  The 
calcium  carbonate  layer  in  the  air-incubated  egg  was  much  less  friable  It  could  not  be 
ascertained  whether  basal  structure  observed  by  manual  flaking  of  the  mineral  layer  Irom 
the  air-incubated  eggshell  was  authentic  err  a preparation  artifact  (e.g.,  empty  mammillae 
and  degraded  crysiaJIlne  bases)  When  the  calcium  carbonate  layer  of  the  fresh  eggshell 
was  fractured  from  the  testacea.  the  bases  of  individual  crystalline  unils,  bearing  the 
characteristic  shape  of  the  mammillae,  could  be  observed  (Fig  2-g)  A row  of  the  units 
runs  diagonally  across  the  figure,  and  their  increasing  taper  ftom  the  proximal  to  the  outer, 
distal  end  can  be  seen  Additionally,  a mammillary  cure  with  some  associated  crystal 
growth  can  be  seen  protruding  from  the  surface  of  the  testacea  at  the  left  just  below 

No  profound  structural  differences  were  observed  between  shells  of  eggs 
incubated  in  sand  and  air  for  3Q  and  4S  days,  and  Iresh  eggshells,  except  for  a slightly 
more  weathered  appearance  in  ihc4.^  day  sand-incubated  eggs  Fracturing  the  shell  at  the 
mineral  layer  to  testacea  inleriacc  (as  done  for  Figure  2-8),  resulted  in  preparations  that 
were  not  easily  distinguishable  from  those  of  fresh  eggshells  At  hatching,  natural,  sand 
and  air  incubated  eggshdis  exhibited  ready  flaking  of  calcium  carbonate  patches  Irom  the 
shell  surface,  under  minimal  mechanical  duress  This  condition  negated  attempts  to 
photograph  the  mineral-hbrous  layer  inlerhice  and  mineral  layer  surface  at  hatching,  due  to 
excessive  charging  and  specimen  damage  under  the  electron  beam 


Simi^iss  and  WUbur(l9S9)  described  mamnullsiy  cores  in  vertebrate  eggs  and  the 


manner  in  which  ciysiallinesheU  units  grow  upon  them,  as  discussed  earlier  The  cores 
themselves  and  the  epitaxial  crystal  growth  upon  them  can  be  seen  clearly  in  the  naturally- 
incubated  spent  eggshell  pictured  in  Figures  2-9  and  2-10  Most  of  the  calcium  carbonate 
layer  had  already  flaked  off  of  the  fibrous  layer  in  these  preparations.  The  intact  core 
within  the  mammillae  and  assoinaled  crystal  struaure  seen  here  were  not  commonly 
observed  In  shrils  of  hatched  eggs,  but  were  found  scattered  sparsely  on  6 of  the  7 tti  .rtm 
eggshells  and  the  shell  of  the  egg  incubated  to  hatching  in  air  Usually,  the  mammillae 
were  hollow  as  in  Fig.2-6.  indicating  that  the  core  crystals  were  either  completely 
dissolved,  or  partially  dissolved  and  loosened  then  lost  The  2 core  crystals  in  Figure  2-10 
(I  in  the  center  of  the  mammillae  and  the  other  behind  and  to  the  left  of  It)  exhibit  little 
remaining  contact  with  their  surrounding  epitaxial  crystals,  suggesting  that  some  amount 
of  dissolution  has  occurred 

Mammillary  cores  clearly  provide  o foundation  for  crystalline  unit  developmenl  and 
anchor  the  individual  units  to  the  testocea  (Solomon  and  Reid.  1983,  Peckord  and 
DeMarco,  1991).  Upon  examining  the  basic  eggshell  structure  and  the  differences  seen 
between  fresh  and  hatched  eggs  in  light  of  the  proposed  mechanism  for  calcium  carbonate 
dissolution,  a number  of  observations  emerge.  The  extreme  fragility  of  the  eggshell's 
mineral  layer  is  not  evident  until  late  in  irtcubaiion  and  as  noted  earlier,  profound  visible 
changes  are  not  viable  until  after  45  days.  It  therefore  follows  that  the  crystalline  units  are 
mostly  intact  up  to  this  time,  with  slightly  spaced  prosimal  ends  and  Interlaced  distal  ends 
This  configuralion  would  support  both  the  pooling  of  carbon  dioxide  Ifom  embryonic 
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respiration  in  the  dead  air  spaces  dose  to  the  hbrous  layer,  and  retention  of  water  by 
capillary  action  in  the  same  spaces.  With  carbonic  anhydrase  available  from  the 
chorioallantoic  membrane,  this  lower  area  of  the  calcium  rcarbonate  layer  is  a likely  area 
for  dissolution  to  occur. 

Ifthe  primary  zone  of  dissolution  is  the  outer  base  of  the  individual  subunits,  the 
etching  that  occurred  would  weaken  connections  to  the  overlying  structure.  Altematively, 
the  core  crystalline  plugs  sit  within  the  'sodtet’  of  the  mammillae  (Figs.  2-6, 2-10), 
affording  intimate  contact  with  the  membrane  testacea  and  even  closer  access  to  the 
chorioallamois  Even  partial  dissolution  of  the  core,  as  seen  in  Figure  2-10,  destroys  its 
connection  with  the  epitaxial  crystal  growths.  Either  of  these  scenarios  would  result  in  a 
profound  loss  of  structural  integrity  in  the  foundation’  of  the  calcium  carbonate  layer, 
while  retaining  organization  and  interlacing  at  the  distal  ends  of  the  cryslaj  units.  An 
eggshell  in  this  condition  would  readily  display  Ihe  observed  characteristics  of  patchy 
sloughing  of  calcareous  material  from  eggshells  when  very  close  to  hatching  and  In  shells 
from  hatched  eggs.  Such  a pattern  of  dissolution  allows  Ihe  condnuity  of  the  distal 
mineral  layer  to  maintain  protection  from  dangers  such  as  iiingai  and  microbial  invasion 
Additionally,  dissolution  of  (he  cores  observed  late  in  incubation  may  assist  in  weakening 
the  Integrity  of  the  membrane  testacea.  thereby  facilitating  pipping  by  the  hatchling 

consistent  with  Ihe  theorized  mechanism  of  mineral  solubilization,  the  observed  shell 
structure  and  changes  occuiriiig  during  incubation,  and  post-incubation  observations  of 
shell  friability.  The  mineral  and  fibrous  layers  of  the  eggshell  are  clearly  a maternal 
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investment  in  care  of  the  embryo  throughout  incubation;  the  former  layer  more  so  as  it 
provides  protection,  material  for  growth,  and  appears  to  be  temporally  altered  by  the 
embryo  in  response  to  its  needs. 

The  scanning  electron  microscopy  techniques  used  for  this  study  provide  useful 
qualitative  information  about  initial  bvestment  and  subsequent  changes  in  the  eggshell. 
Chapter  3 examines  dissolution  of  eggshell  caloium  carbonate  quantitatively,  with 
atteniion  to  the  magnitude  of  the  initial  investment,  and  the  timing  and  locallzelion  of 
eggshell  resource  depletion  in  different  incubation  media. 


Figure  2-1.  Exlemsl  surface  of  fresh  loggerhead  ((Wfia  ow/iu)  eggshell  Eachnodule 
of  calcareous  material  lathe  distal  end  ofa  stnictural  unit  of  the  calcium  carbonate  layer 
X750. 


Figure  2*2.  6X  magnificaliorr  oFcemral  poriion  of  Figure  1.  Note  various  orienletions  of 
aragonite  crystal  polymorph  of  calcium  carbonate  and  conlaa  between  crysials  of  separate 
nodules.  X 4500 


Figure  2-3.  FibrousineRibrane  (te«acea)  of  hatched  egg.  Edge  of  sample:  i 
appearance  and  loss  of  calcium  carbonate  layer  from  tesiacea  X 750. 


Figure  2-4.  Innermost  liber  layer  of  membnne  leslacea  (emenul  lo  boundary  layer, 
at  lower  lefl  and  right),  showing  irregular  arrangement  of  protein  libers.  X 4S00, 


Figure  2-3  Exlenul  surface  of  hsiched  egg  Most  of  Ihe  calcium  layer  has  sloughed  off, 
leaving  basal  structure  and  scattered  ciysials  Mammilla  with  radiating  crystals  is  viable 
under  lower  edge  of  highli^t  box  X7S0. 
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Figure  2-6.  External  surface  of  hatched  egg  Remnant  of  mammillae  (nucleation  site)  on 
shell  membrane  Note  radiating  pattern  of  crystals,  depth  and  shape  nf 'socket'  for  core 
crystals  X4500. 


Figure  2-7  Magnification  of  Figure  2-5  (5X).  showing  i 
and  underlying  fibers  of  membrane  testacea  X 3750. 


I of  the  crystaJline  layer 


Figure  2-S.  Imern&l  view,  celcereoue  layer  of  fresh  eggshell  with  membrane  testacea 
peeled  away.  Note  that  inner  view  of  nuclealion  site  is  similar  to  mammillae  remnam  in 
Figure  2>6.  Tapered  bases  of  crystal  units  can  be  seen  with  spaces  around  them  Intact 
core  In  the  testacea  is  at  lef).  just  below  center  X 7S0. 


Figure  2-9.  Edge  of  natuiully-inuibaled  hatched  cggshcil,  showng  3 mammillaiy  cores  In 
diEereni  slates  of  degradation  Note  minimal  calcium  carbonate  remaining  on  shell 
between  cores.  X 750. 


Figure 2-10.  Edge oriuturdly-incubeted  halciied  ^shell(d«lail  ofFlgure2-9)  Cross 
seclion  of  intact  mammillary  core  Note  similarity  of  radiating  aragonite  ciyslals  at  left 
earner  to  the  mammillae  In  Fig.  2-6,  space  between  core  and  epitaxial  crystals,  and 
smoothed  appearance  of  core  crystals  X3700. 


CHAPTER  3 

EGGSHELL  CALCIUM  DISSOLUTION  IN  ARTIFICIALLY  INCUBATED 
LOGGERHEAD  TURTLE  (fareMo  caretta)  EGGS 


Chapter  2 discussed  the  imponance  of  the  sea  turtle  eggshell  in  successful 
incubaIio^  its  structure,  and  the  mechanism  by  which  it  is  dissolved  to  facilitate 
development  and  hatching  If  the  eggshell  is  to  be  considered  an  investment  in  the  care  of 
the  embiyo,  it  is  impoaant  to  know  the  magnitude  of  the  investment 

Early  investigations  of  calcium  metabolism  in  marine  turtle  eggs  determined  that 
the  eggshell  made  a substantial  contribution  to  embryonic  development  Simkiss  1 1 962) 
observed  that  7S%  of  the  calcium  in  leatherback  hatchlings  {Dtrmochefys  conacea)  came 
from  outside  the  egg  contents  He  cited  (he  eggshell  and  seawater  as  possible  mineral 
sources.  Bustard  and  Greenham  (1968)  tested  the  latter  hypothesis  and  found  that 
chloride  levels  at  green  turtle  (CAt’/oaiamjulu:)  nests  were  so  low  as  to  preclude 
absorption  of  calcium  and  other  minerals  from  sea  water  present  in  the  medium  or  taken  in 

calcium  carbonate  sand  by  carbonic  acid  could  provide  calcium  to  the  embryo.  Bustard  er 
o/.  (1969)  incubated  loggerhead  (ron-rro  curena)  and  green  turtle  eggs  in  calcareous 
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the  hetchlings  wai  found  between  the  2 treatments,  thereby  Implicating  the  eggshell  as  the 
major  calcium  source.  The  calcium  contribution  of  the  eggshell  to  the  embryo  was  revised 
to  62%.  Recent  reviews  of  calctura  mobilization  in  replile  eggs  places  the  chelonion 
eggshell  contribution  to  hatchling  calcium  at  about  70%  (Packard,  1994;  Packard  and 
Clark.  1996). 

The  pattern  of  increased  caldum  dissolution  late  in  incubation  observed  In  Chapter 
2 has  been  described  for  numerous  oviparous  species  from  the  viewpoint  of  embryonic  use 
of  shell  resources  (Packard,  1994),  but  Imle  attention  has  been  given  to  the  calcium 
carbonaie  dial  remains  on  the  eggdiell  al  hatching.  This  is  a subsianlial  amount  in  sea 
turtle  eggs  and  represents  the  maternal  mineral  investment  in  protecting  each  embryo 
Given  the  role  of  thehydric  and  gaseous  environment  in  dissolving  the  eggshell,  It  is  clear 
that  incubation  conditions  would  be  a principle  delerminam  of  quontily  of  residual  calcium 
carbonate  The  aforementioned  laboratory  incubation  performed  by  Bustard  el  a!  (1969) 
gave  no  indication  of  whether  eggs  were  buried  in  groups,  individually,  or  only  panielly 

membrane  of  the  embryo  accompbshes  both  mineral  and  water  uptake,  and  gas  exchange 
(Thompso^  1985;  Packard.  1996).  It  was  hypotherized  that  in  areas  of  advanced 
membrane  development  and  vascularization,  such  as  the  upper  region  of  the  eggriiell 
during  the  middle  third  of  Incubalion.  greater  loss  of  calcium  carbonate  might  occur 

This  study  was  designed  to  elucidate  the  role  of  the  eggshell  calcium  carbonaie 
layer  as  well  as  examine  the  changes  it  undergoes  during  incubation  Aspecu  explored 


' layer  of  the  eggshdl 


amouiu  of  the  initial  invesimem  in  the  calcium  carbonate 
the  amount  and  tinhng  of  dissolution  of  calcium  from  the  layer,  effects  of  the  incubation 

mass  of  hatchlings,  and  calcium  content  ofhatchlings  and  yolk  were  examined  as  posable 
indicators  of  differemial  deveiopmenial  quality  conferred  by  incubation  in  varying  media. 


Loggerhead  turtle  {Carelia  careiia)  eggs  for  use  in  this  study  were  collected  from 
Melbourne  Beach,  Florida,  under  permit  number  TP-015  from  Florida  Department  of 
Environmenlal  Protection  Five  nesting  females  were  located  on  one  night,  and  20  eggs 
were  collected  from  each.  In  each  case,  the  d 1st  through  the  60th  eg^  were  taken  to 
minimize  possible  variance  in  calcium  content  among  eggs  dropped  early  or  late  in  laying. 
All  sample  eggs  were  caught  as  they  fdl  from  the  cloaca  and  placed  into  egg  cartons  for 
iranspon  back  to  the  utcubalion  site.  Maximum  diameters  for  all  lOD  eggs  were  recorded, 
and  total  surface  area  was  calculated  for  each  Figure3-I  outlines  the  experimental 
design.  Two  eggs  from  each  of  the  5 clutches  were  terminated  within  12  hours  of 
collection  for  analysis  of  fresh  egg  samples  The  remaining  90  eggs  were  Incubated  at 
2S  S’  C.  Nine  eggs  from  each  dutch  (4S  total)  were  incubated  In  air,  on  plastic  racks 
suspended  above  water-filled  trays  The  trays  were  covered  with  plastic  and  were 


Incubated  in  plastic 


d-niled  1 


Gravitneiric  walsrconient  orihe  sand  was  mainioined  at  4-SK  throughout  the  incubation 
period.  Air  stones  attached  to  standard  aquarium  pumps  and  inserted  through  slits  in  the 
plastic  covering  over  the  trays  helped  to  maintain  air  circulation  and  humidity  in  both 
incubation  regimes  The  air  stones  were  immersed  in  the  water  or  laid  on  the  sand 

At  30  and  43  days  of  incubation,  10  eggs  from  each  medium  were  terminated  to 
examine  eggshell  caldum  content  Sand  was  removed  from  the  sand-incubated  eggs  by 
gently  rinsing  in  deioniaed  water  before  processing.  The  remaining  25  ^s  in  each 
medium  were  allowed  to  hatch.  AJI  eggshells  were  analyzed  for  calcium  content 
Hatchlings  were  weighed  and  released  at  Melbourne  Beach  within  3 days  of  hatching  The 
same  overall  expcrimenraJ  protocol  was  applied  to  a second  collection  of  100  eggs  with 
one  modihcalion:  20  hatchlings  from  each  incubation  medium  were  killed  at  time  of 
hatching,  and  analyzed  for  yolk  and  hatchling  calcium  content  Of  those  marked  for 
termination,  19  eggs  from  the  air  incubation  regime  and  l7eggsirom  the  sand  incubation 
hatched  Upon  emergence  from  the  egg  (pipping),  hatchlings  were  killed  by  hypothermia, 
the  yolk  sac  and  any  iniemalized  yolk  was  separated  from  the  hatchling.  Only  the  fresh 
yolk  (10  eggs)  and  the  residual  abdominal  yolk  and  hatchling  calcium  content  data  horn 
this  second  incubation  were  included  in  the  current  study 

To  determine  eggshell  calcium  content.  6 samples,  each  9 mm  in  diameter,  were 
taken  from  each  shell  The  6 samples  were  taken  from  a transect  across  the  fresh  eggs. 
Three  samples  were  taken  horn  the  upper  hemi^here  of  shells  (animal  pole  of  the  yolk, 
and  determined  by  incubation  orientation)  (rom  incubated  eggs,  and  3 from  the  lower 


lisphere  Each  sample' 


i mass  (-16  h)al  105"  C Dry  i 


recorded  and  samples  were  ashed  for  12  h al  4S0*  C in  a muffle  furnace  Ash  mass  was 
measured. 

Each  ash  sample  was  digested  in  a minimum  of  1 2.  IN  HCI  and  diluted  up  to  an 

lanthanum  chloride,  to  be  read  on  a linear  standard  curve  calibrated  at  0, 0.062,  and  0 1 25 
met)  Calcium  content  of  the  flnaJ  dilutions  was  measured  by  flame  analysis,  with 
averaging  of  triplicate  readings,  using  a Perkin-Elmer  2100  Atomic  Absorption 
Spectrophotometer  Total  calcium  content  of  the  original  samples  was  calculated  based 
on  the  dilution  factors  of  the  original  samples  Total  calcium  per  eggshell  was  calculated 
by  obtaining  a multiplier  Irom  dividing  shell  surface  area  by  sample  surface  area.  To 
investigate  the  possibility  of  differential  dissolution  from  difTcrenl  areas  of  the  eggshell, 
means  oflhe  3 samples  from  Ihe  lower  and  upper  hemispheres  oflhc  eggs  were  lahen  and 

determinailon  was  done  by  drying  Ihe  samples  to  constant  weight  al  lOS*  C (~36  hrs). 
ashing  in  a muffle  furnace  at  450*  C (-46  hrs),  then  following  the  same  digestion  and 
dilution  method  used  for  the  eggshell  samples. 

Differences  in  calcium  investment  in  eggshells  among  females  were  analysed  by 
ANOVA  (SAS  PROC  GLM)  (SAS  Institute  inc , 1988)  The  effects  of  clutch,  incubation 

lower  eggshell  hemisphere  calcium 


ANOVA  Upper  and  I 


I coniems ' 


witMn  media  and  across  media.  Ihroughoul  the  incubation  period  To  control  for 
difTerences  in  total  eggshell  calcium  due  In  egg  size,  all  analyses  were  repeated  using  mg 
ofcalcium  per  cm^  of  eggshell  (total  eggshell  calcium/eggshell  surface  area)  Uvemassof 
the  hatchlings  was  contrasted  between  the  media  for  possible  differences  due  to  incubation 
regime  and  calcium  availability  Yolk  and  hatchling  calcium  content  were  tested  for 
effects  of  clutch  and  incubation  medium  (ANOVA). 


The  calcium  content  of  the  shells  of  freshly  laid  eggs  was  ugniftcanlly  different 
among  individual  clutches  (P<0.05)  (Fig.  3>2)  Clutch  means  ranged  from  171  to  222  mg 
of  calcium  per  eggshell  The  sample  size  for  this  evaluation  of  initial  calcium  content  was 
only  2 eggs  per  clutch  The  persistent  palteni  of  clutch  mean  separations  for  eggshell 
calcium  content  through  the  experimental  groups  and  over  time  however,  strongly 
supports  the  result  of  the  fresh  egg  analysis  (Figs.  3-3,  3-4). 

Eggshell  calcium  content  did  not  vary  significantly  between  the  air  and  sand 
Ireaimenls  for  (he  first  45  days  of  incubation  (Fig.3-S)  After  day  45.  there  was  a rapid 
increase  in  dissolution  of  calcium  from  the  shells  of  the  sand-incubated  eggs,  resulting  in  a 
significanl  difference  in  calcium  levels  at  time  of  hatching  (P<0.05)  Mean  total  calcium 
lost  was  1 7 2 mg  for  air-incubated  eggs,  whereas  sand-incubated  eggs  lost  46.2  mg  (mean 
for  fiesh  eggs,  minus  mean  eggshell  calcium  content  at  hatching  for  air  and  sand, 
respectively).  There  were  significam  responses  of  calcium  content  to  clutch,  incubation 
medium,  and  length  of  Incubatioa  and  secondary  interactions  among  all  3 variables  in  the 
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inilial  ANOVA.  Subsequent  ANOVAs  sorted  by  age  and  medium  enabled  examination  of 
the  simple  effects  by  clutch  Clutch  C exhibited  no  significant  change  in  eggshell  calcium 
content  over  the  course  of  Incubation  inairfFig.  3-3).  Initial  and  final  eggshell  calcium 
content  diftered  significantly  within  the  other  4 clutches  (P<0  05).  Incubation  in  sand 
yielded  significant  changes  between  inilial  and  final  calcium  content  in  all  clutches  except 
Clutch  D (Fig.  3-4). 

No  significant  differences  in  calcium  dissolution  fiom  diflereni  ureas  of  the 
eggshell  were  observed  (P<0.0S)  (Fig  3-6).  In  both  media,  air  and  sand,  upper  and  lower 
hemispheres  of  the  eggs  lost  calcium  at  similar  rates.  The  secondiiy  analyses  using  mg  of 
calcium  per  cm' of  eggshell  yielded  results  lhal  difl'ered  in  magnitude  but  not  in 
significance  levels  or  interactions  from  the  analyses  using  total  eggshell  calcium  The 
latter  are  presented  in  the  results  and  discussion  for  ease  of  comparison  with  values  fiom 
the  literature  and  for  greater  biological  significance  in  most  cases  The  live  mass  of 
hatchlings  was  significantly  different  between  2 of  the  clutches  (P<0.0S)  (Table  3-1) 
However,  there  was  no  significant  effect  of  incubation  medium  on  live  mass 

Fresh  yolk  calcium  content  did  not  vary  significanlly  among  the  5 clutches 
(P<0.05)  (Table  3-2);  residual  yolk  calcium  conleni  was  significantly  lower  in  2 of  the 
clutches  (P<0.05)  There  was  no  effea  of  incubation  medium  on  caldum  content  of 
residual  yolk  Hatchling  calcium  content  in  only  I of  the  S clutches  - clutch  F - exhibited  a 
significant  response  to  incubation  medium  Mean  calcium  content  of  hatchlings  from  air- 
incubated  eggs  of  clutch  F (123.39  ± 1.74  mg)  was  less  than  calcium  content  of  hatchlings 
from  sand-incubated  eggs  (139  57  *3  83  rag)  (P<0.05) 


The  amount  of  calcium  invesled  in  each  qgshell  of  a freshly  laid  loggerhead  egg 
appears  to  vary  considerably  among  individual  females  (Fig.  3-2)  The  values  for  fresh 
egg^cll  calcium  content  found  in  this  study  were  lower  than  the  value  published  by 
Bustard  era/.  (1969)  (171-222  mg  compared  to  282  mg)  The  value  from  the  earlier 
work  is  based  on  examination  of  S loggerhead  eggs,  from  a different  population  (Heron 
Island.  Australia),  with  a slightly  different  method  of  initial  sample  preparation  (nitric  and 
perchloric  acid  digestion,  rather  than  hydrochloric  acid)  No  indication  was  given  as  to 
whether  the  5 eggs  were  from  the  same  clutch  or  different  females 

There  are  no  baseline  data  available  on  eggshell  calcium  variation  within  a clutch 
or  within  an  individual  female's  success  ve  clutches  over  the  course  of  a season  The 
variation  in  eggshell  calcium  observed  among  individual  females  is  probably  not  due  to  the 
number  ofprevinus  nestings  that  season,  as  mineral  poob  for  egg-shelling  do  not  seem  to 
be  a limiting  factor  (Simkiss,  1962).  Factors  that  may  influence  initial  calcium  deposition 
on  the  eggshell  are  the  shelling  efficiency  of  Ihe  individual  female,  egg  relemion  lime  in  the 
uterus,  and  clutch  size.  .Aitkenand  Solomon  (1976)  described  the  oviduct  of  Ihe  green 
turtle  {Ckilonm  mydas)  mi  postulated  deposition  of  calcium  at  the  same  site  as 
membrane  secretion  Work  on  Crf/pdier»spo/(ptem«.s  (Palmer  and  Guillette,  1988) 
confirmed  this  sequential  deposition  within  turtle  reproductive  tracts.  Length  of  egg 


mention  in  this  re^on  would  clearly  alTeci  eggshell  calcium  content  in  fresh  eggs  The 
vari^ility  in  thickness  of  the  eggshell’s  calcium  layer  must  fall  well  within  the  extremes  of 
being  too  thin  to  supply  and  protect  the  embryo,  and  being  too  thick  to  allow  sufficient 
depletion  for  pipping  at  hatch  time. 

The  friable  nature  of  spent  eggshells  required  that  care  be  used  in  handling  of  the 
eggs  for  the  analyses.  It  is  posdble  that  some  of  the  caldum  loss  observed  was  due  to  the 
abradve  nature  of  the  sand  incubation  and  loss  in  rindng  and  handling  of  eggs  from  both 
media.  However,  no  visible  particles  from  the  mineral  layer  remained  in  the  sand,  and 
there  was  no  evidence  of  calcium  carbonate  particles  in  the  deionised  water  used  for 
rinsing  the  eggs  When  the  mineral  layer  of  air-incubated  e^  was  intentionally  abraded 
to  test  for  fnability,  it  exhibited  far  greater  structural  integrity  than  the  mineral  layer  of 
sand  incubated  eggs.  This  level  of  stability  is  conristeni  with  a lesser  amount  of 
dissolution  having  occurred  in  the  basement  level  of  the  mineral  layer  as  discussed  in 
Chapter  2;  it  is  therefore  lik^  that  (he  observed  levels  of  calcium  loss  are  Intimate  and 
loss  of  shell  maierial  in  preparation  of  the  samples  was  negligible.  The  diffisrence  between 
air  and  sand  incubation  in  loss  of  calcium  was  significant.  The  fact  that  almost  3 times  as 
much  calcium  is  lost  during  sand  incubation  probably  reflects  2 characteristics  of  the  air- 
incubation  miCTO-climate.  TheloweravBilnbllityofussblewaterfPackarderia/..  1981) 
and  the  greater  air  circulation  imposed  by  lack  of  close  contacts  combine  to  limit  carbonic 
acid  formation  and  subsequent  dissolution  of  calcium  from  the  shell. 


ngcluiche5(Fig.3-3.3-4)i 


Differences  observed  in  dissolution  pstlems  amon 
possibl)' due  to  differences  in  the  density  of  the  calcium  cerbonsle  malrix.  As  noted  In 
Chapter  2,  eggs  from  different  clutches  appear  to  have  varying  densities  in  terms  of 
spacing  of  the  calcium  carbonate  aragonite  matrix.  These  features  probably  limit  gas 
circulation  and  water  infiltration  in  eggshells  of  some  clutches  This  difference  in  structure 
could  also  explain  the  lack  of  sgnificani  calcium  dissolution  in  eggs  Incubated  until 
hatching  for  some  dutches.  Packard  (1994)  noted  that  differences  in  shell  structure 
among  reptile  species  did  not  cause  substantive  differences  in  egg-content  calcium  in  eggs 
of  similar  sixes  Therefore,  the  relativdy  small  intra-specific  differences  in  structure  would 
not  be  expected  to  cause  variation  in  internal  egg  calcium  compartments  The  amount  of 
eggshell  calcium  remaining  after  incubation  could,  however,  be  expected  to  vary  with 
structure,  based  on  the  mechanics  of  dissolution  described  in  Chapter  2. 

The  data  obtained  in  this  study  support  the  observations  made  by  scanning  electron 
microscopy  in  Chapter  2:  the  bulk  of  calcium  carbonate  dissolution  from  the  eggsheL 
occurs  toward  the  end  of  incubation  (Fig  3-3,  3-4).  This  pattern  is  consistent  with  the 

ardiosaurians  (Packard  and  Clark.  1996).  Most  snakes  and  lizards  utilize  their 
considerable  yolk  stores  of  calcium  for  early  embryonic  growth  and  depend  on  eggshell 
calcium  in  the  final  one-third  ofincubalion;  alligators  and  birds  generally  use  yolk  calcium 
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during  trie  first  helf  of  incubation  and  tap  into  eggsriell  calcium  during  the  second  half 
(Packard,  1994) 

As  noted  in  the  previous  chapter’s  discussion  of  eggshell  calcium  depletion,  carbon 
dioxide  from  embryonic  metabolism  combines  with  water  in  the  environment  to  form  trie 
carbonic  acid  which  solubilizes  the  eggshell  calcium  (BusiardandCreenham,  1968). 
Ackerman  and  Prange  (1972)  documented  the  increase  in  carbon  dioxide  levels  and 
decreasing  oxygen  tension  that  begins  several  weeks  before  hatching.  It  is  this  increase  in 
carbon  dioxide  output  and  trie  greater  availability  of  water  from  substrate  contact 
(Hoialbg  et  al . 1985)  that  likely  accounts  for  the  increase  in  calcium  dissolution  in  sand- 
incubated  eggs  after  43  days  of  incubation  (Tig.  3-5).  Whereas  alligators  and  some 
species  of  fresh  water  turtles  show  a peak  followed  by  a decline  in  embryonic  oxygen 
consumption  very  late  in  incubation,  marine  turtle  embryos  exhibit  little  decline  In  the  rate 
of  oxygen  consumption  (Thompson,  1989)  Thompson  explains  the  peaked  consumption 

rales  by  the  sea  turtle  embryos  also  increases  carbon  dioxide  levels  in  the  nest.  This  may 
provide  a final  carbonic  acid  "pulse"  to  render  the  eggshells  more  amenable  to  pipping. 

Calcium  carbonate  dissolution  appears  to  occur  homogeneously  over  the  egg 
surfoce.  Neither  air  nor  sand  incubated  eggs  exhibited  location-specific  differential  loss  of 

Imposed  by  these  media  extremes  are  uniform  and  result  in  equal  dissolution  from  all  areas 
of  the  shell  The  micro-environmems  occupied  by  eggs  in  natural  neats  are  far  more 

n water  and  gas  relations  (Congdon  and  Gibbons,  1990).  An  egg  incubated  in  a 


variable  in 
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heterogeneous  micro-environment  such  as  ihe  periphery  of  the  ncsl  might  exhibit  localized 
areas  of  high  dissolution,  based  on  the  sand  and  air  effects  observed  in  this  study.  The 
nature  of  the  calcium  carbonate  layer  of  the  eggshell  with  its  spicalar  arrangement  of 
aragonite  crystals,  however,  could  possibly  allow  wetting  of  a larger  area  of  eggshell  by 
capillary  action  from  a point  contact  with  wet  medium  Further  experimentation  with 
controlled  comaci  paints  could  determine  whether  this  capillary  wetting  occurs 

Monimer  (1990)  noted  high  levels  of  clutch  mortality  associated  with  very  dry 
nesting  conditions  on  the  green  turtle  (Chelonia  myhx)  rookery  at  Ascension  Island,  A 
portion  of  this  was  late  stage  monalily  - hatchlings  pipping,  but  failing  to  emerge 
(Monimer,  pers  comm  ).  Ifthe  dry  condilions  are  precluding  or  limiting  formation  of 
carbonic  acid  within  the  nesl  chamber,  the  calcium  carbonate  shell  layer  may  not  be 
sufficiently  depleted,  and  actually  confine  the  halchbngs  inside  the  eggs.  Iflhecalcite 
morphology  of  calcium  carbonate  occurs  In  eggs  of  natural  green  turtle  populations  as  it 
did  in  the  farm-reared  ^gs  of  Solomon  and  Baird  (1976),  the  pnAlem  would  be 

Haichliiif  Mass  and  Yolk  and  Halchlinu  Calcium  Comenl 

Incubation  environments  which  allow  substrate  contaa  can  increase  Ihe  availability 
of  liquid  water  (o  eggs  by  coniributing  Ihe  capillary  water  held  around  the  panicles  of 
media  (Packard  and  Packard.  1980.  Packard  el  a/..  1981).  Gulzke era/.  (1937)  and 
Thompson  (1987)  characiedzed  fresh  water  runic  hatchlings  from  eggs  incubated  on 
welter  substrates  as  being  larger  based  on  greater  utilization  of  yolk  resources.  In  the 
current  study,  live  hatchling  mass  did  not  vary  significanlly  between  Ihe  incubation 
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exiremes  (P<0  .05)  (Table  3-1),  despile  Ihe  apparent  availability  of  more  usable  water  to 
the  sand  incubated  eggs  Residual  yolks  from  2 of  Ihe  clutches  did  contain  less  calcium 
than  yolks  from  the  others,  however,  this  appeared  to  be  a significant  effect  of  clutch 
rather  than  incubation  medium  (P<0.05)  When  added  to  the  observation  that  only  I 
clutch  exhibited  incubation  medium-related  differences  in  hatchling  calcium  content,  it 
suggests  that  offspring  from  different  clutches  may  possess  dissimilar  efficiencies  in 
calcium  mobilization.  Packard  (1994)  reported  that  the  availablliiy  of  water  to  the 
embryos  in  chelonian  eggs  did  not  seem  to  affect  internal  caldum  balance  This  indicates 
that  calcium  is  not  limiting  in  embryonic  devdopment  and  is  probably  not  Included  in  the 
moisture-mediated  urdizalion  of  yolk  resources  discussed  by  Cutzkeeru/  (1987)  and 
Thompson  ( 1 987)  Normal  to  semi-arid  conditions  apparently  make  sufficieni  eggshdl 
and  yolk  calcium  available  to  Ihe  embryo.  The  degree  of  exogenous  calcium  loss  by  the 
eggshell  is  impacted  to  a greater  degree  by  Ihe  hydric  conditions  of  incubation 

This  study  examined  eggs  that  were  incubated  in  conditions  not  unlike  the  2 
extremes  that  might  be  found  in  a natural  nest  an  egg  at  the  upper  or  lower  edge  of  a nest 
chamber,  almost  completely  surrounded  by  sand,  and  an  egg  in  the  center  of  a clutch,  in 
contact  only  with  other  eggs  and  air  Within  a natural  nest,  however,  eggs  are  exposed  to 
a range  of  contact  situations  which  can  dictate  a continuum  of  microclimates  To  better 
understand  the  micro-environmenls  that  exist  within  a clutch  incubating  on  Ihe  beech, 
information  regarding  nest  chamber  ^ze  and  shape  was  necessary.  In  Chapter  4.  natural 
sea  turtle  nests  are  characterized  morphologically  in  order  to  investigate  how  Ihe 
incubation  environment  Is  prepared  by  Ihe  female  to  optimize  clutch  success. 
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Figure  3-1  Distribution  and  lermiitation  schedule  for  100  loggerhead  (C  conr/rn)  eggs 
incubated  in  air  and  sand 


Figure  3-2.  Cslciuin  comem  (mg)  ofegg^rils  from  freshly  ovipoRted  ejjgsoflhe 
loggerhead  (unte(C  rarerra).  Values  shown  are  means  ± SB 


Figure  3-3  Eggshell  calcium  coment  For  S clutches  of  loggerhead  eggs  incubated  in  air 
Bars  for  each  clutch  represent  the  calcium  contenl  of  eggs  terminated  at  the  respective 
incubation  times.  Values  shown  are  means  ± SE. 


Figure  3-4.  Eggshell  calcium  content  for  S clutches  of  loggerhead  eggs  incubated  in  sand 
Bars  for  each  clutch  represent  the  calcium  content  of  eggs  terminated  at  the  respective 
incubation  times  Values  shown  are  means  a SE. 
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Figure  3-5.  Eggshell  calcium  loss  (mg)  oF  loggerhead  turtle  eggs  incubaled  in  air  and 
sand  Values  shown  are  means  * SE  Calcium  content  of  sand-incubated  eggshells  is 
significantly  lower  at  hatching  (P<0  05)  as  indicated  by  *. 
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Figure  3-6.  Eggshell  calcium  contenl  change  <mg)  by  posllon  (upper  or  lawer  hemisphere 
of  the  through  the  Incubation  period  (or  loggerhead  turtle  eggs  Values  shown  are 
means  ± $E  Caldum  content  at  56  days  Is  significantly  less  for  both  upper  and  lower 
hemispheres  (P<0  05)  Upper  and  lower  hemispheres  do  not  differ  significantly  from  each 
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Table  3-2.  Mean  calcium  comenl  (mg)  of  fresh  yolks,  residual  yolks  al  halching.  and 
hatchlings  from  air  and  sand  incubated  loggerhead  (C  careua)  eggs.  Imet<lulch 
differences  in  fresh  yolk  and  halchling  calcium  content  are  not  significant  (P<0.05) 
Residual  yolk  calcium  content  is  significantly  lower  in  clutches  I and  J (*)  than  in  the  other 
3 clutches 


Clutch 


G 

H 


Fresh  yolk 
1 1 1 . 22  ±0.00  (n=2) 

108.91  ±0,90  (n-2) 

105  91  ±0.30  (n=2) 

106  51  ±0.10  (n=2) 
107.21  ±2.20  (n-2) 


Residual  yolk 
I9.I6±0.22  (n=8) 
18  93  ±0.21  (n=8) 
I8.09±O.IS  (n=8) 
I7.23±028*(n°6) 
17.37  ± 0.37  *(n=7) 


Hatchling 

I3l.48±3.63(n«8) 
140.39  ±. 098  (n=7) 
I35.70±l. 96(11*5) 
I35.03  ±2.37(n=6) 
139.07  ± 3 23  (n-7) 


CHAPTER  4 

NEST  CHAMBER  MORPHOLOGY  RELATION  TO  FEMALE  BODY  SIZE, 
CLUTCH  SIZE  AND  NESTING  MEDIUM 


The  environment  experienced  by  a clutch  of  sea  turtle  eggs  during  incubation  is 
determined  by  the  ^ape  and  size  of  the  nest  chamber  a female  excavates.  The  physical 
attributes  (temperature,  hydric  and  gaseous  regimes)  of  the  nesting  beach  interact  unth  the 

connections  available  within  the  chamber  The  results  obtained  in  Chapter  3 underscore 

effects  of  physical  factors  on  individual  eggs  and  clutches  have  been  documented  for 
buried  reptile  eggs  (Miller.  1982;  Mrosovsicy,  1982:  Wyneken  era/..  >988;  Ackerman. 
1991:  Packard.  1990)  Much  of  the  investigation  of  the  incubation  chamber  of  sea  turtles 
has  been  limited  to  studies  of  nest-digging  behavior  (Hailman  and  Elowson.  1992).  As 
noted  in  the  review  by  Crain  el  al.  (I99S)  the  manner  in  which  the  beach  is  perceived  by  a 
nesting  female,  and  the  subsequent  effect  that  the  type  of  chamber  she  prepares  has  on  her 
clutch  can  be  greatly  influenced  by  beach  renouri^iment.  Mortimer  (1990)  documented 


the  effects  of  send  quality,  istpecially  grain  size,  on  the  digging  success  of  nesting  green 
turtles  {Chelonia  myJai) 

This  study  was  designed  to  explore  female  body  and  clutch  size  parameters  and 
their  possible  correlations  with  nest  size  parameters  and  to  examine  the  effect  of  the 
nesting  medium  on  chamber  size  and  shape  by  comparing  a natural  beach  to  a renourished 
beach  The  lack  of  detinitive  infonnation  concerning  the  architecture  of  natural  nest 
chambers  prevents  the  informed  extrapolation  of  data  from  incubation  characteristics  seen 
in  laboratory  study  A knowledge  of  the  size  and  shape  of  a natural  chamber  would  help 
for  instance,  in  estimating  how  many  eggs  might  be  held  In  different  positions.  Whether 
nest  cavities  are  uniform  in  their  proportions  and  volume  of  air  space  available  to  a clutch 
is  a vital  link  in  understanding  the  environmental  factors  affecting  incubation.  Congdon 
and  Gibbons  (1990)  noted  the  importance  of  understanding  the  degree  to  which  a female 
can  control  or  manipulate  (he  nest  micro  environment  in  furthering  our  knowledge  of 
reproductive  ecoiogy 


Materials  and  Methods 

Nest  chamber  morphology  was  examined  by  use  of  excavation  and  casting 
techniques  developed  in  the  course  of  (he  study  A total  of  51  loggerhead  ((aneria 

Melbourne  Beach.  Rorida.  and  (he  other  1 6 were  from  the  beach  at  Patrick  Air  Force 
Base,  approximately  33.8  km  north  of  Melbourne  Beach.  The  Patrick  Air  Force  Base 


iihesiie  of! 


1 2-3  months 


prior  to  the  onset  of  the  nesting  sesson,  whereas  Melbourne  Beach  was  representative  of  a 

prior  to  commencement  of  the  I W3  nesting  season  There  are  no  records  of  the  area  ever 
having  been  renoutished  These  locations  will  hereafler  be  referred  to  as  natural 
(Melbourne)  and  renourished  (Patrick  Air  Force  Base). 

Loggerheads  in  stages  of  nesting  activity  ranging  from  exiting  the  water  to  late 
nest  chamber  excavation  were  located  All  were  permitted  to  proceed  without 
interference  until  20-40  eggs  were  deposited.  Sand  around  the  posterior  1/3  of  the 
animal's  body  was  removed  down  to  (he  level  of  (he  body  pit  with  the  posleiior  edge  of 
the  plastron  as  the  body  pit  depth  standard  The  charaneristic  flexion  of  the  rear  flippers 
that  accompanies  deposition  of  each  egg  was  used  lohdpplacea  122x61  cm  sheet  of 
I .S  mm  thick  plastic  under  the  flippers  and  rear  body  A U-shaped  cutout  In  one  long 
edge  of  the  sheet  was  positioned  under  the  cloaca  to  allow  oviposiilon  to  continue 
unimpeded  The  plastic  was  brushed  free  of  sand  and  prevented  the  turtle  from  sweeping 

noted  and  marked  in  the  surrounding  sand  for  later  reference  At  the  first  covering  sweeps 
of  the  hind  flippers,  (he  animal  was  lifted  by  2-3  people  and  moved  forward  I -2  m;  (he 
nest  cavity  was  covered  by  a3l  cm  square  of  plastic  sheeting.  Once  clear  of  the  nest,  the 
animal  was  lifted  again,  moved  laferally.  and  fumed  to  face  seaward  to  prevent  her  from 
overrunning  the  nest  Straight  carapace  length  (SCL-  nuchal  notch  to  pygal  notch)  and 
straight  carapace  width  (SCW-  widest  point)  were  measured  to  the  nearest  0. 1 cm  with 


lii^e  aluminum  calipers  and  the  animal  woa  checked  tor  lags  and  injury  Length 
measurements  of  both  rear  flippers  were  taken  from  Ihe  prosimal  end  of  the  tibia  lo  the 
distal  tip  of  the  longest  phalange  The  mean  of  these  2 rear  flipper  nteasurements  was 
taken  as  Ihe  mean  rear  flipper  length  (MFL)  for  each  animal 

At  Ihe  nest  site  the  small  covering  sheet  was  removed  and  a plumb  line  (composed 
of  2 m of  string  tied  at  each  end  to  the  centers  of  O.S  m dowel  rods)  was  placed  across  Ihe 
cavity  opening  The  line  was  placed  perpendicular  to  Ihe  head-tail  axis  of  the  nesting 
turtle,  with  the  siring  tied  to  each  dowel  resting  on  the  sand  surface  just  outside  Ihe  body 
pit.  This  gave  a beach  surface  reference  point  for  nest  depth  measurenienls.  Body  pit 
depth  (>  beach  surface  to  posterior  plastron  resting  point)  and  minimum  egg  depth  (= 
beach  surface  to  lop  egg  in  nest)  measurements  were  made. 

A layer  of  thin  plastic  food  wrap  was  laid  on  top  of  the  eggs  In  the  chamber. 

allow  the  casting  material  to  cure  Great  Stuff  ® polyurethane  expending  foam  product 
was  applied  to  the  prepared  chamber  to  make  a cast  of  the  cavity  neck.  The  chamber  was 
covered  with  newspaper  to  exclude  sand  and  debris  Afler  curing  for  3 hours,  the  neck 
cast  was  marked  with  the  oriemalion  of  Ihe  animal  and  toothpicks  were  inserted  around  it 
to  mark  the  sand  surface  (at  body  pit  depth)  (Fig  4-la)  The  cast  was  then  removed  with 

marker.  All  eggs  were  removed  fhsm  Ihe  nest  chamber  and  counted  Ten  eggs  were 
chosen  at  random  and  measured  for  ma.ximum  and  minimum  diameters 
calculated  as  an  ellipsoid  (V  = 4/3^8b^  where  a = maximum  diameter,  b 
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diameler).  The  mean  volume  for  the  10  eggs  was  multiplied  by  the  total  number  of  eggs  in 
the  dutch  to  obtain  clutch  volume. 

Nest  cavity  depth  was  measured  from  the  plumb  line  to  the  bottom  of  the  cavity 
with  the  back  end  of  the  large  calipers.  Polyurethane  foam  was  applied  to  make  a cast  of 
the  entire  nest  cavity,  allowed  to  cure,  marked  for  sand  surface  and  orientation,  then 
excavated  (Fig  4-lb).  Actual  nest  depth  was  calculated  by  subtiacting  body  pit  depth 
(roni  nest  cavity  depth.  Volumes  of  the  neck  cast  and  cavity  cast  were  determined  by 
measuring  water  displacement  on  immersion  of  the  casts  to  the  beach  surfoce  line.  The 
mean  of  3 displacement  volume  measurements  was  taken  for  each  cast.  For  the  rest  of  the 
methods,  results  and  discusdon.  'neck'  will  refer  to  the  upper,  constricted  part  of  the  cast 
or  cavity:  'chamber'  will  refer  to  the  lower,  wider  part  of  the  cast  or  cavity.  On  the  foil 
cast,  chamber  width  and  length,  and  neck  width  and  length  were  measured  The  neck  and 
chamber  measurements  were  taken  from  the  narrowest  and  widest  points  on  the  cast, 
respeaively  (Fig.  4-2).  For  each  nest,  clutch  volume  and  neck  volume  were  subtracted 
iram  the  foil  cavity  volume  to  obtain  potential  airspace  within  the  nest.  Cross-sectional 
areas  were  calculated  for  the  chamber  and  neck  of  each  cast  using  the  width  and  length 

much  the  pans  of  the  cavity  overlapped. 

All  linear  measurements  were  recorded  in  cm  and  volume  measurements  were 
taken  in  ml  Correlation  analyses  were  done  between  nest  chamber  measurements  (body 
pit  depth,  nest  cavity  depth,  actual  nest  depth,  minimum  egg  deplh.  chamber  length, 
chamber  width,  neck  length,  neck  widifo  neck  volume,  cavity  volume,  and  airspace),  and 
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the  2 other  groups  of  ineasurements.  female  size  fSCU  SCW  and  MFL)  and  clutch  size 
(number  of  eggs,  mean  egg  volume  and  clutch  volume).  Correlation  was  performed  as  a 
modified  regression  using  SAS  PROCGLM  (Littell  elal.,  1991)  to  obtain  critical  R' 
vaJues,  with  and  without  location  specific  effects 

Nest  chamber  szc  parameters  were  compared  between  locations  by  ANOVA 
(PROC  CLM  for  an  unbalanced  design,  using  SCL  as  a covariaie)  and  subsequent 
Levene'sF-tesi  for  Homogeneity  of  Variances  (modified  PROCTTEST)  (Conover  e(  o/.. 
1981. Littell  ef  a/,  1991). 


The  female  size  parameters  (SCL,  SCW  and  MFL)  and  the  clutch  size  parameters 
(number  of  eggs,  mean  egg  volume  and  clutch  volume)  were  significantly  correiated  with 
several  parameters  of  nest  shape  or  size  (Table  4>1)  (*  indicates  significant  correlations, 
P<0.05).  In  Table  4‘L  for  each  correlation,  the  upper  value  indicates  the  proportion  of 
observed  variability  that  location  helps  to  explain,  and  the  lower  gives  the  proportion  of 
vatisbilily  explained  by  non-location  specific  effects  Relatively  low  Revalues  for  all 
correlations  were  further  reduced  in  most  cases  by  non-consideration  of  location-specific 
effects.  The  strongest  correlations  (none  of  which  exceeded  RA=0,3 1)  were  found 
between  minimum  egg  depth  and  number  of  eggs,  air  space  and  SCW.  and  width  of 
chamber  neck  with  SCL,  number  of  eggs  and  clutch  volume  Among  female  size 
paramelEfs  and  clutch  sire  parameters,  significant  correlations  were  observed  between 
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SCL  srd  MFL,  SCW,  number  of  eggs,  end  clutch  volume  (R=  “ 0.26.  0.45,  0.45,  and 
0.35,  respectively.  P<0.05) 

Preliminary  comparison  of  the  renourished  end  the  natural  beach  by  ANOVA 
diowetl  no  aignificant  dilTerencea  in  individual  body  sire,  clutch  ^ and  nest  size 

nest  size  parameters  - actual  nest  depth,  chamber  width,  neck  length,  and  air  space  - 
showed  significant  location-mediated  inequality  of  variances  fP<  0.05)  (Table  4-2). 

Among  the  nest  size  parameters,  mean  body  pit  depth  and  mean  nest  cavity  depth 
did  not  difier  significantly  between  sites,  nor  were  their  variances  significantly  diflerent 
However,  it  can  readily  be  seen  that  although  not  vastly  diflerent  in  magnitude,  the 
variances  are  skewed  in  distribution  (Figs.  4-3  and  4-4).  In  both  parameters,  the  observed 
range  is  shifted  toward  shallower  depths  at  the  renourished  beach  The  variance  in  actual 
nest  depth  was  significantly  smaller  at  the  renourished  beach  (P<0  05)  (Fig  4-5)  The  nest 

diflered  significantly  by  location  (P<O.OS)  (Figs.  4-6,  4-7)  The  width  of  the  chamber  is 
narrower  and  has  a lower  level  of  variance  at  the  renounshed  beach  Length  of  the  cavity 
neck  behaved  in  the  opposite  manner,  appearing  longer  with  greater  variance  at  the 

sectional  area  to  chamber  cross-sectional  area  were  significantly  different  (P<Q.05). 
Significantly  different  variance  Is  also  seen  in  air  space  (P<Q.05)  (Fig  4-7),  with  greater 
variance  at  the  renourished  site  that  is  skewed  toward  less  potential  air  space 


Tliere  aie  3 general  alegories  lo  which  the  signihcant  size  interacdona  in  Table  4- 
I can  be  assigned  In  the  first  category,  location  helps  to  explain  more  of  the  variability  in 
the  data  than  can  be  explained  without  considering  the  difierence  in  nesting  media  between 
the  natural  and  renourished  beaches  The  relationships  between  MFL  and  neck  width. 

SCL  and  neck  widt^  SCW  and  cast  volume,  and  SCW  and  airspace  fail  into  this  group 
In  these  correlations  the  medium  confers  advantages  or  disadvantages  based  on  size;  for 
example,  greater  MFl.  at  the  renourished  site  might  produce  a different  amount  of 
variation  in  neck  width  than  at  the  natural  sue  becmise  of  diSerentiai  leverage  in  (he  denser 
medium.  In  the  second  category,  factors  other  than  location  are  important  in  defining  the 
relationship  and  explaining  variability  These  include  SCL  with  chamber  length.  SCW 
with  chamber  length  and  neck  length,  number  of  eggs  with  actual  nest  depth  and  chamber 
length,  and  clutch  volume  with  actual  nest  depth,  minimum  egg  depth,  chamber  length, 
and  cast  volume.  These  correlations  perhaps  give  the  most  insight  into  some  of  the 
fundamental  selective  considerations  in  evolutionary  determination  of  nest  cavity  sze.  In 
the  third  group,  both  location-specific  effects  and  location-independent  effects  comribute 
significantly  lo  explanation  of  the  observed  variability  The  relationship  of  SCL  with  neck 
I nest  cavity  depth,  number  of  eggs  with  minimum  egg  depth  and  neck 
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represent  elements  of  nest  size  determination  that  are  not  so  evolulionarily  channelized  or 
mechanically  fixed  as  to  lose  susceptibility  to  variability  introduced  by  difierent  media 
The  small,  but  in  some  cases  highly  significant  correlations  between  fentaJe  size 
parameters  and  the  nest  size  parameters  (Table  4-1)  were  a surprising  and  critical  finding 
in  this  study.  Thereat  flipper  length  ofa  sea  turtle  is  believed  to  be  an  Important  factor  in 
determining  nest  depth  by  its  vertical  insertion  into  the  sand,  and  the  size  and  shape  of  the 
egg  chamber  by  lateral  rotational  movements  (Hallman  and  Elowson,  1992)  The 
measurement  of  flipper  length  used  in  this  study  included  the  epipodial  bones  (tibia  and 
fibula),  the  mesopodials  (tarsi),  the  metapodials  (metatarsi),  and  the  phalanges  Due  to 
difficulty  of  measurement,  the  femur  was  omitted,  although  its  contribution  to  the  limb's 
length  and  articulation  cannot  be  ignored.  Accepting  proximal  tibia  to  distal  phalange  as  a 
valid  measure  of  flipper  length  requires  the  assumption  that  for  individual  turtles,  limb 
components  scale  isomelrically  or  at  least  proportionally.  A higher  level  of  plasticitv  in 
the  development  of  the  femur  compared  with  other  limb  bones  would  preclude  this  but  is 
unlikely,  given  the  similar  constraints  of  mode  of  utilization  (swimming,  walking,  digging), 
scaling  and  range  of  motion  under  which  they  evolved  (Hendrickson.  1 980.  Zangerl, 

1980).  GiSielal.  (1988)  observed  aquatic  and  lenesirial  locomotion  in  leatherback 
turtles  {Dermochelys  coriacta).  noting  the  similarity  between  swimming  and  walking 
movements,  and  the  fimetioning  of  the  hindlimb  as  a helicoid  spade  during  digging  If 
.specific  selective  pressures  stemming  from  nest  excavation  alone  were  aalng  on  the 
hindlimb  then  il  is  probable  that  effects  svould  be  most  apparent  in  the  distal  portion  of  the 
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limb,  ihe  iunclioiu  of  swimming  and  walking  likely  place  more  balanced  pressures  on  the 
endre  limb  (Renous  and  Bels,  I9g9). 

iriimb  length  scales  with  body  size,  animals  with  greater  SCL  and  SCW  would  be 
expected  to  have  a longer  MFL.  Subsequent  regression  analysis  of  MFL  with  SCL  and 
SCW  gave  R’  values  of  0.2S  and  0.09  (P  < 0 05),  respectively,  indicating  that  a substantial 

Ihe  nest  chamber  to  a suitable  depth  clearly  requires  a limb  of  a certain  minimum  length  on 
a reproductively  mature  animal.  Straight  carapace  width  was  signiRcanily  correlated  with 
nest  cavity  depth,  with  and  without  consideration  of  location-specific  effects  (Table  4-1). 
This  is  probably  due  to  the  hardness  of  the  medium  and  the  extent  to  which  it  allows  the 
animal's  plastron  to  pivot  vertically  to  add  length  to  the  digging  stroke,  and  Ihe  effect  of 
body  width  on  comra-Iateral  rear  flipper  reach  The  raw  data  indicate  that  small  turtles 
(with  shorter  flippers)  can  and  sometimes  do  dig  deeper,  larger  nests  than  bigger  turtles. 
Port  ofthis  could  be  attributed  to  plastron  width,  the  narrower  body  of  a smaller  animal 
might  again  permit  more  vertical  rocking  during  Ihe  digjpng  motions. 

component  of  behavioral  control.  Hallman  and  Elowson  (1992)  reported  the  stimulus  for 
lermiitalion  of  digging  as  the  digging  flipper  coming  up  empty  on  at  least  2 success 
tries.  Diez  and  Roberts  (1993)  found  that  while  tactile  stimulation  of  the  flipper  by  sand 
did  affect  nest  depth,  there  is  a strong  time/behavioral  component  that  readily  overrides  it. 
These  findings  are  not  mutually  exclusive  They  both  involve  perception  of  stimuli,  one 

tactile,  one  temporal,  and  an  appropriate  behavioral  re^onse  cessation  of  digging.  This 


; the  hypothesis  that  nesi  chamber  size  may  be  partially  regulated  by 


the  animal's  hormone-mediated  motivational  state  and  individual  behavioral  Used  action 
patterns  This  could  be  explored  by  casting  succes&ve  nests  of  an  individual  at  eachofher 
nesting  emergences  over  the  course  of  a season  and  between  nesting  seasons,  comparing 
the  dimensions  to  see  if  she  is  digging  the  same  shape  of  nest  each  time  and  if  there  is  any 
evidence  of  increased  facility  of  nest  construction  with  repetition,  and  monitoring  of 
blood  hornione  titers  during  nesting. 

The  strongest  relationship  observed  0.3 1,  P<0.05)  was  between  number  of 
eggs  and  minimum  egg  depth  The  signiiicance  of  the  ‘without  location  efTecis'  R'  values 
for  number  of  eggs  and  clutch  volume  suggests  that  these  parameters  exert  a selective 
pressure  aiTecting  the  size  of  the  chamber  constructed  by  a female  Clearly  sdection 
pressures  early  In  the  evolution  of  sea  luale  nesting  behavior  would  have  favored  survival 
of  nesting  habits  which  allowed  for  complete  egg  coverage.  The  investment  a turtle 
makes  In  cafeofher  offspring  by  preparation  of  the  nest  chamber  appears  to  be  at  least 
partially  dependent  on  her  body  size  and  reproductive  output  per  nesting  event. 


Although  the  means  for  all  the  parameters  examined  did  not  differ  significanlly 
between  the  natural  and  renourished  location,  the  variances  found  to  be  significantly 
diffbreni  were  striking  The  skewed  variances  seen  in  body  pit  depth  and  nest  cavity  depth 
at  the  renourished  beach  (Figs.  4-3,  4-4)  can  be  directly  attributed  to 
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einforced  by  the  significaAtJy 


between  the  nalursi  and  renourished  beaches  This  is  re 
unequal  variances  in  actual  nest  depth  (^g  d<5).  The  natural  beach  and  the  renourished 
beach  were  visually  different  The  sand  at  the  renourishcd  beach  was  darker  and  finer 
grained,  and  there  was  a definite  denser,  coarser,  shell-filled  layer  at  55-bO  cm  deep 
(Fig.4-9a).  Thislayer  may  have  mechanically  constrained  the  animal’s  ability  to  dig  and 
buffered  the  variance  at  the  renourished  beach.  The  significantly  difierenl  variances  in 
width  of  the  chamber  and  length  oT  the  chamber  neck  (Table  4-2)  (Fig.  4-9b)  indicate  that 
the  difTerem  nesting  media  exert  an  effect  on  the  turtle's  digging  motions  Both  of  these 
measurements  were  taken  horizontally  through  the  ca.sl  and  reflect  the  lateral  ranges  of 
motion  of  both  the  proximal  and  distal  rear  flipper.  The  fan  that  length  of  the  chamber 
neck  at  the  renourished  site  shows  greater  variability  than  at  the  natural  beach,  whereas 
width  of  the  chamber  bottom  at  the  renourishcd  site  shows  less  variability  (Figs.  4-6.  4-7) 
implies  (hat  there  is  some  mechanical  advantage  or  disadvantage  being  conferred  by  the 
medium  at  different  sections  of  the  digjpng  sequence  and  flipper  strokes.  Extennve 
subsequent  analyses  comparing  differences  and  ratios  of  cross-sectional  areas  of  necks  and 
chambers  between  the  two  beaches  yielded  no  significant  results  It  appears  that  the 
constraints  the  medium  places  on  Ihe  kinesiology  of  the  hindlimbs  acts  to  reshape  rather 
than  resize  the  parts  of  the  nest  cavity  The  net  result  is  a tendency  for  nests  at  the 
renourished  beach  to  have  walls  that  are  closer  to  vertical  than  those  at  the  natural  beach 
Nelson  era/  (1987)  observed  tapering  of  nest  chambers  dug  in  hard  packed  sands  similar 


: somewhsl  more  variable  in 


(1993)  died  the  importance  of  avoiding  aands  that  form  concretions  aa  renourishmenl 
materials  because  of  their  potential  to  alter  the  excavation  abilities  of  the  nesting  female 
The  variance  in  air  space  in  the  chambers  at  the  rcnourished  beach  was 
significantly  greater  than  that  at  the  natural  beach  (F^.012)  but  that  variance  is  skewed 
towards  less  air  space  (Fig.  4-t).  This  is  a natural  consequence  of  the  altered  nest 
geometry  seen  at  the  renourished  site.  In  the  nests  from  the  natural  beac^  with  their 
variances  skewed  toward  longer  (horizontally),  narrower  necks,  the  first  sand  dumped  in 
by  the  turtle  upon  covering  clumps  on  the  central,  top  eggs,  and  the  sand  that  follows 
proceeds  to  plug  the  neck  of  the  cavity.  This  permits  persistence  of  lateral  and  inter-egg 
air  spaces  In  the  nests  from  the  renourished  beach  with  wider  necks,  covering  sand 
obliterates  potential  lateral  air  spaces,  and  tends  to  infiltrale  the  imer-egg  air  spaces  to  a 
greater  degree.  The  presence  of  air  space  in  the  nest  chamber  is  a biologicaily  important 

completed  petsisi  through  incubation,  allowing  expansion  of  the  eggs  as  they  take  up 
water,  controlling  the  gaseous  and  hydric  microclimate  around  each  ^ and  allowing 
hatchlings  room  to  work  as  (bey  pip  and  emerge.  The  depth  ofthe  nest  chamber,  and  the 
saturation  of  the  medium  affect  gas  exchange  between  the  chamber  and  the  atmosphere 
(Ackerman,  1972).  so  air  space  within  the  nest  may  also  serve  as  a reservoir  and  to  initiate 
I stronger  diffusion  gradient  for  mixing  of  gases  Kam  (1993)  noted  that  despite 
adaptations  to  withstand  hypoxia,  Cantia  carella  embryos  can  only  maintain  normal 
levels  of  oxygen  consumption  If  the  critical  oxygen  tension  within  the  nest  re 


emains  high 
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Embryonic  requirements  for  oxygen  becomes  greater  towards  the  latter  port  of  incubation 
(Thonqtson,  1989;  Maloney  et  o/.J990),  making  persistence  of  the  air  space  all  the  more 
critical  Unbke  the  cleidoic  avian  eggs  that  do  not  appear  to  benefit  greatly  from  small 
modifications  in  humidity  (Walsberg,  1 980),  sea  turtle  clutches  may  depend  on  the  water 
vapor  present  in  the  chamber  air  space  to  muntain  hydration  of  some  of  the  eggs 

These  insights  about  the  shape  that  a clutch  of  eggs  must  confomt  to  as  a result  of 
chamber  shape  naturally  lead  to  questions  about  the  types  of  sub'environmenls  imposed 
on  the  eggs.  Chapter  S addresses  this  by  examining  the  e^ect  of  egg  position  within  the 
nest  on  development  and  hatching 


Figure  4-1.  Nesi  cavity  casts,  a)  Cast  from  top  of  eggs  to  beach  (body  pit)  surface  (can 
provided  for  scale),  b)  Partially  excavated  cast  of  entire  chamber.  Turtle  was  facing  let) 
edge  of  photo 
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Figure  4-2.  Diagram  of  neat  cast,  slinwing  localion  oF  measurements  taken  (neck  width, 
neck  length,  chamber  widt^  chamber  leti^)  and  orientation  of  nesting  loggerhead  (C 
careita). 
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Table  4-1.  Reeulls  of  correlBlion  analyses  (R’ values)  of  female  body  size  parameiers  and 
clutch  size  parameters  with  nest  size  parameters  The  upper  value  for  each  correlation  is 
an  overall  R~  and  the  bottom  value  reflects  removal  of  location  specific  effects  = 
P<0.05) 
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Figure  4^  Observed  values  for  nest  cavity  depth  oftoggerhead  turtles  (C  atreila) 
natural  and  a renourished  beach.  Values  are  combined  in  ‘both’ 


boa  - S0%  of  observed  values 
error  bars  - SWi  of  observed  value 
outliers  • 90%  of  observed  values 
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Figure  4-5.  Observed  values  for  actual  nest  cavity  depth  of  loggerhead  turtles  {C  canua) 
at  a natural  and  a renourished  beach  Values  are  confined  in  'both'. 


error  bars  - 80%  of  observed  values 
oudiers  - 90%  of  observed  values 
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Figure  4-6.  Observed  values  for  width  of  chambcf  of  nests  dug  by  loggerhead  lurilea  (C 
carella)  at  a natural  and  a renourisbed  beach  Values  are  combined  In  'both'. 


box  - 504^  of  observed  values 
error  bars  - 30H  of  observed  values 
ouUiers  - 90%  of  observed  values 
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Figure  4-7  Observed  values  for  length  of  neck  <horizDnIal)  of  nesi  cavides  dug  by 
{overhead  timlea  (('  careua)  at  a natural  and  a renourished  beach  Values  are  coml 


box  - 50V.  of  observed  values 
error  bars  - 80V.  of  observed  values 
outliers  - 90H  of  observed  values 
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box  - 50V,  of  observed  values 
error  bars  - 80%  of  observed  values 
outliers  - 90%  of  observed  values 


Figure  4-9  Nest  cavity  casts,  a)  Vemcal  view  of  casts  from  renourished  rite  (on  left)  and 
natural  rite,  with  embedded  nesting  media  showing  diFTerence  in  particle  size  at  nest 
bottom,  b)  Led  and  central  casts  are  from  the  natural  beach,  right  cast  is  &om  the 


Figure  4-10.  Anlerior  view  of  nest  cavity  cuts  troiu  the  a)  natural,  and  b)  renourished 
beach  utes.  Note  relative  sites  of  neck  and  egg  chamber  on  each 


CHAPTERS 

EGG  AND  HATCHLING  RESPONSES  TO  EGG  POSITION  IN  NESTS  OF 
LOGGERHEAD  TURTLES  iCorella  carella) 


TKe  efTecl  oFlhe  nesting  site  selected  by  a sea  tunic  on  the  subsequent 
development  of  the  deported  clutch  Is  dictated  on  a gross  level  by  parameters  such  as 
location  on  the  beach,  sand  quality,  presence  or  absence  of  shade,  and  weather  The  shape 
and  depth  of  the  nest  chamber  influence  how  these  external  factors  will  affect  each  egg 
Once  an  egg  is  dropped  into  the  chamber,  it  remains  In  one  position  throughout  the  entire 
incubation  period  in  a microclimate  of  contact  points  with  sand,  air  and  other  eggs  This 
study  links  the  work  described  in  Chapters  3 and  4,  first  by  defining  the  extent  to  which 
variation  in  embryonic  development  is  affected  by  the  incubation  environment,  and 
secondly  by  examining  the  consequences  of  the  maternal  investment  in  placing  and 
preparing  the  nest. 

The  effeas  of  egg  position  within  the  nest  on  developmental  aspects  of  reptile 
embryos  and  hatchlings  have  not  received  a lot  of  attention  Irom  researchers.  The  relative 
ease  of  comioibng  the  laboraloiy  environment  has  yielded  many  studies  of  ^gs  incubated 
in  isolation,  these  provide  valuable  information  but  may  not  reflect  responses  of  eggs  in 
their  natural,  grouped  environment  Ackerman  ( 1 980)  indicated  the  importance  of  egg 
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po»llon  wlhin  Ihe  nesl  in  his  review  of  sea  turtle  egg  respiration  in  the  nest.  A sea 
turtle’s  nestingbehavior  results  in  a clutch  that  is  surrounded  by.  but  not  packed  in.  sand. 
This  gives  the  nest  a S-IS  torr  partial  pressure  gradient  center  to  edge  rather  than  one  2-3 
times  greater  Consequences  of  the  latter  would  include  slower  growth,  later  hatching  and 
increased  munaliiy  for  inner  eggs 

Response  to  hydric  conditions  is  also  contingent  on  position  in  the  nest.  Hotaling 
elal.  (198S)  demonstrated  that  egg  position  can  significantly  affect  egg  mass  and 
hatchling  mass  within  snapping  turtle  nests  through  relative  availability  of  water.  As 
pliable  shelled  reptile  eggs  go  through  incubation  they  lose  and  gain  water,  becoming 
flaccid  or  turgid  depending  on  conditions  Egg  den^ty  (mass/volume)  can  provide  an 
good  indication  of  water  content  in  an  egg  relative  to  its  volume.  Iverson  and  Ewert 
(1991)  compared  mean  densities  for  different  types  of  reptile  e^.  however,  actual 
changes  in  egg  denuty  over  the  course  of  incubation  and  by  position  have  not  been 
described  Much  work  has  been  done  on  the  water  exchange  rdationshipa  in  reptilian 
nests  (Packard  ero/.,  1987;  Thompson,  1987)  that  determine  the  density  change 

The  nest  position  that  an  egg  holds  throughout  incubation  may  have  additional 
developmental  consequences  for  the  embryo  As  reptilian  embryos  continue  to  develop 
after  egg  deposition,  the  shell  layers  dry.  and  formation  of  the  chorioallantois  adjacent  to 
the  Inner  shell  cause  the  appearance  of  whitening,  which  spreads  over  the  sheilas  the 
membranes  develop  fThompson,  1985).  This  "banding"  isadevefopmental  function 
Initiated  within  the  egg.  and  position  within  the  nest  would  not  be  expected  to  affect  it. 
Observation  of  differential  banding  between  air-incubated  and  sand-incubated  eggs  in 


Chapter  3.  however,  raises  the  question  of  whether  there  are  etoemal  influences  affecting 
formation  of  this  important  gas.  solute  and  water  exchange  membrane  Length  of 
incubation  peiiod  and  hatching  synchrony  may  also  be  affected  by  position-related 
microclimates  (McGehee,  1979;  Mrosovsky,  1980;  Mrosovsky  and  Yntema,  1982); 
metabolic  heat  from  the  chitch  mass  has  the  potential  to  influence  deveiopmental  rale  of 
theembiyo.  If  environmental  conditions  place  a clutch  at  the  pivotal  tempeiature  during 
the  critical  period  for  sex  determinaiioa  metabolic  heal  can  produce  females  from  central, 
insulated  eggs  and  males  from  peripheral  eggs  (Standora  er  of.,  199$). 

Chapters  2 and  3 discussed  the  eggshell  and  how  changes  in  its  structure  facilitate 
the  incubation  process.  Based  on  the  differential  dissolution  of  calcium  carbonate 
observed  for  eggshells  of  some  clutches  in  sand  and  air  media,  the  microclimates  found  at 
different  nest  positions  may  create  similar  responses. 

Egg  mass,  density  and  banding  are  important  considerations  of  (he  hydric  and 
developmental  quality  of  an  incubating  ^ Incubation  duration,  hatchling  mass,  sex  and 
^^dl  calcium  content  address  hatchling  quality  and  potential  comribution  to  the 
population  The  female  turtle  Is  gone  when  these  critical  aspects  are  being  cultivated;  she 
leaves  a particular  kind  ofhole  to  safeguard  her  reproductive  investment  This  study 
examined  the  effects  of  egg  position  within  natural  nests  on  these  characteristics  of 
embryo  physiolo^  and  development,  with  a view  toward  understanding  the  environment  a 
female  prepares  for  her  eggs  by  diggng  a nest. 


Melhodi 

Nesis  of  40  loggerhead  tunics  (rarena  core«o>  were  marked  at  Melbourne 
Beac^  Florida,  and  scheduled  for  individual  excavation  at  I of  S times  during  the 
incubation  period.  Five  nests  were  excavated  at  each  of  8 times  (0,  2,  S,  10. 15,  30, 45 
days,  and  hatching  minus  ~2  days).  Immediately  after  oviposition.  each  nest  was  marked 
with  3 slakes:  1 at  the  vegetation  line,  I in  the  dune  vegetation  aligned  with  the  nest  and 
2-3  m behind  the  fiist  stake,  and  the  third  3 m south  of  the  first  stake  Accurate 
measurements  from  all  stakes  to  the  nest  site  were  taken,  and  an  aluminum  can  was  buried 
0.5  m south  of  the  nest  This  marking  system  enabled  accurate  relocation  of  the  nests  for 
excavation.  Orientation  of  the  turtle  on  the  nest  was  noted.  On  completion  of  laying  the 
animal  was  checked  for  lags,  and  straight  carapace  length  {SCL:  nuchal  notch  to  pygal 
notch)  and  straight  carapace  width  (SCW  taken  dorsally  from  widest  point  of  carapace) 
were  measured  with  calipers. 

At  the  scheduled  lime,  a pit  I m deep  was  dug  lateral  to  each  nest  (based  on  the 
animai's  nesting  orientation)  (Fig  5-la).  The  nest  ohamber  was  carefully  exposed  from 
the  top  and  side  to  allow  removal  and  sorting  of  eggs  by  their  position  within  the  nest 
uppermost  in  the  nest  and  in  contact  with  sand  in  the  neck  region  of  the  nest  cavity 

chamber  were  designated  as  bottom  eggs.  Eggs  between  the  top  and  bottom  and 
conlacling  the  sand  or  air  pockets  at  the  neat  periphery  were  classified  as  side  eggs. 
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Those  eggs  ei  the  cemer  of  the  clutch  with  other  eggs  and  inter-egg  air  space  as  their  only 
contacts  were  dassifted  as  inner  eggs  (Fig  S-Ib).  Afier  all  eggs  were  removed  and  sorted. 

1 0 eggs  from  each  of  the  4 areas  within  the  nest  were  chosen  at  random  to  be  weired  to 
the  nearest  O.OIg  on  a portable  electronic  balance  These  eggs  were  also  measured  for 
minimum  and  maximum  diameter  to  the  nearest  0.01  mm  with  fiberglass  dial  calipers 
Banding  of  sea  turtle  eggs  progresses  ficim  the  top  down  to  the  bottom  the  diameter  in 
the  axis  ofbanding  was  measured,  and  banding  was  recorded  as  the  percentage  of  that  egg 
diameter  which  exhibited  whitemng  and  loss  oftranslucence.  Egg  volume  was  calculated 
as  an  ellipsoid  (VM/3Ilab^.  where  a^maximum,  b=minimum)  Egg  density  was  calculated 
by  dividing  mass  by  volume  The  total  number  of  eggs  from  each  position  was  recorded 
for  all  of  the  clutches  excavated  All  eggs,  except  those  excavated  near  full-term,  were 
carefully  re-buried  with  their  original  orientation  maintained.  Measured  eggs  from  nests 
excavated  2-3  days  prior  to  hatching  were  isolated  and  incubated  in  the  laboraloiy  until 
hatching  At  pipping  (time  of  pipping  recorded  as  measurement  DAYS),  a sample  of 
chorioallantoic  fluid  was  taken  to  determine  sex  by  calculating  an  eslradiol/testoslerone 
(E/T)  ratio  following  quantification  of  these  hormones  in  the  chorioallantoic  fluid  using 
validated  radio-immunoassays  (CrossWo/..  1995).  An  E/T  ratio  of  1 .00  was  used  as  the 
delermlnani  index  value.  The  hatchling  was  weighed  on  emergence  from  the  egg.  Eggs 
from  3 additional  clutches  were  excavated  and  sotted  by  position  2 days  prior  to  hatching 
After  hatching,  the  shells  of  all  viable  eggs  were  analvaed  for  calcium  content  by  gas  flame 
atomic  absorption  spectrophotometry  (see  Chap.  3 methods) 


The  relalionship  between  clutch  size  and  proportion  of  eggs  at  each  nest  position 
wasexaminedusmgSASPROCREGfSAS  Institute.  1988)  SAS  PROC  MIXED (Littell 
eiol..  1991)  was  employed  to  examine  the  effects  of  dutch,  age  and  egg  position  in  the 
nest  on  mass,  turgidity  and  banding  with  a mixed  ANOVA  Effects  of  egg  position  and 
clutch  on  incubation  duration,  hatchling  mass,  hatchling  sex  and  eggshell  calcium  content 
were  analyzed  using  SAS  PROC  GLM  (SAS  Institute.  1983)  for  standard  ANOVA. 


The  size.s  of  the  clutches  excavated  for  this  study  ranged  from  67  to  1 52  eggs. 
Table  5-1  summarizes  the  numbers  of  eggs  at  theAdiffcrent  positions  within  the  nest. 
Generally  a dutch  contains  between  1/4  and  1/3  inner  eggs.  Negative  correlations  were 

G.05)  (Figs.  5-2,  3-3).  No  relationship  between  clutch  size  and  proportion  of  side  eggs 
wasobserved(R’  = 0.000I.P<0.0S)(Fig  5-4).  Proportions  of  inner  eggs  increased  with 
increasing  clutch  size  (P<0.0l)(Fig  5-5>. 

top  eggs  changed  signiffcantly  In  mass  from  time  ofoviposilion  to  hatching  (P<O.OS). 
increaang  shaiply  between  45  days  and  hatching  There  is  a non-significant  tendency  for 
eggs  at  all  positions  to  decrease  in  mass  between  ovipositlon  and  day  5.  Mean  egg  mass 
did  not  differ  significantly  among  positions  up  to  45  days  oPincubation  Immediately  pKur 
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ID  halchlng,  mean  egg  masses  at  allnesi  positions  differ  slgniRcanlly  from  each  other  (P  < 
O.OS)  except  for  bottom  and  inner  eggs 

Density  of  inner  eggs  changed  sgnificanlly  over  the  incubaUon  period  (Fig  S-7). 
Top  eggs  on  day  iO  were  more  dense  than  inner  eggs  (P  < 0.05).  On  days  15  and  30  inner 
eggs  were  iess  dense  than  bottom  eggs,  and  by  day  45  inner  eggs  remained  less  dense  than 
eggs  at  all  other  positions  until  hatching.  Banding  did  not  vary  significantly  with  potion 
(Fig  5-8).  although  a tendency  toward  slightly  less  banding  wu  observed  In  the  lop  eggs 
Examination  of  egg  position  effects  on  duration  of  incubation,  and  hatchling  mass 
and  sex  revealed  highly  significant  interactions  between  dutch  and  position  (P  <0.0I). 
along  with  simple  effects  The  data  were  sorted  by  clutch  to  oIIdw  examination  of  the 
simple  effects  of  egg  posilion  for  the  5 full  term  dutches 

For  duration  of  Incubation,  clutches  24.  25  and  204  showed  significani  posilion 
effects  (P  < 0.05)  (Fig.  5-9).  Top  eggs  in  chilch  24  pipped  significantJy  earlier  than  those 
fi'om  other  positions.  In  clutches  25  and  204,  bottom  eggs  took  longer  to  pip  than  eggs 
Rom  other  positions.  Generally,  eggs  in  each  clutch  pipped  within  3 days  of  each  other 
With  the  exception  of  inner  eggs  Rom  clutch  25,  clutches  24  and  25  both  had  significantly 
longer  incubation  times  than  the  other  3 dutches. 

Significant  effects  of  portion  on  hatchling  mass  were  found,  with  top  hatchlings 
weighing  less  (P  < 0.05)  than  those  at  all  other  positions  in  4 of  the  5 dutches  (Fig.  5-10) 
Bottom  hatchlings  were  significantly  heavier  than  side  and  inner  hatchlings  In  clutches  204 
and  210  and  showed  a tendency  to  be  heavier  in  dutches  24  and  205.  Side  and  inner 
baichling  masses  were  similar  within  individual  dutches 


The  efTecl  of  clutch  on  the  hetchling  sex  by  position  analysis  was  great,  as  can  be 
seen  by  the  widely  differing  results  for  each  (Fig.  S-ll).  Three  of  the  S clutches  showed 
non-signlficani  effects  of  egg  position  on  hatchling  sex.  Significant  effects  were  seen  in 
dutch  24  where  top  eggs  yielded  a lower  proportion  of  females,  and  in  clutch  204  where 
inner  eggs  produced  more  females  than  did  bortom  and  top  eggs 

No  significant  effect  of  egg  portion  in  the  nest  on  eggshell  calcium  content  was 
observed  (P  < O.OS)  (Fig  S-12).  Trends  in  clutches  3 and  5 were  similar,  with  top  and 
inner  eggs  tending  to  retain  more  of  the  eggshell  calcium  while  bottom  eggs  lost  the  most. 
Clutch  4 showed  the  reverse,  with  side  and  bortom  eggs  retaining  more  caldum 


Ebb  Position  DelermiiiAnti  and  Charaelerizalion  ofDiilnbulion 

The  distribution  of  eggs  by  position  in  a particular  sea  turtle  nest  is  comingeni  on  2 
major  factors  the  size  and  shape  of  the  nest  chamber  dug  by  the  female,  and  the  number 
of  eggs  she  pinces  within  that  chamber  These  components  interact  dynamically  to 
produce  the  observed  allocation  of  eggs  If  a large  chamber  is  only  half-filled  with  eggs, 
upon  being  covered  it  will  have  proportionally  many  more  eggs  in  peripheral  conract  with 
the  sand  than  if  it  had  been  completely  filled.  This  will  occur  at  the  expense  of  inner  egg 
numbers  and  air  space. 
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The  negadve  correlations  of  proporrions  of  top  and  bottom  eggs  with  clutch  size 
(Figs.  S-2.  3-3)  are  readily  explained  by  the  shape  of  the  nest  cavity.  The  upper  and  lower 
walls  of  the  cavity  taper:  ottly  a limited  number  of  eggs  can  fall  into  bottom  portions 
before  they  are  covered  by  others  In  subsequent  laying,  a point  is  reached  when 
increasing  the  number  of  eggs  laid  fiUs  the  central  horizontal  block  of  the  nest  Then, 
falling  eggs  may  pile  up  in  the  center  or  roll  off  to  the  sides  to  fill  the  'shoulders'  of  the 
cavity.  In  either  case,  the  proportion  of  lop  eggs  is  determined  in  laying  of  those  last  eggs 
and  covering  of  the  cavity  The  greater  slope  of  the  top  egg  correlation  (Fig.  5-2) 
indicates  that  the  proportion  oflop  eggs  decreases  more  rapidly  as  clutch  size  increases  - 
this  is  probably  a result  of  filling  the  constricted  neck  of  the  chamber  Lack  of  a Mgnificani 
correlation  between  proportion  of  side  eggs  and  dutch  size  again  reflects  the  boundaries 
set  by  the  nest  chamber  walls,  cavity  shape  and  filling  method:  there  are  only  a limited 
number  of  side  positions  but  how  quickly  they  become  occupied  as  the  central  block  of  the 
nest  fUls  is  relatively  independent  ofihe  number  of  eggs  added.  Proportion  of  inner  eggs 
(Fig.  5-S)  is  mediated  by  the  ^ and  shape  of  (he  chamber  and  how  completelv  the  female 
fills  It  with  eggs  Larger  clutch  sizes  increase  the  likelihuud  that  eggs  will  fill  all  penpheral 

In  their  analyses  of  egg  positions  in  90  snapping  turtle  nests.  Hotaling  «r  u/. 

(1985)  found  94%  of  the  2500  eggs  surveyed  to  be  in  contact  with  the  medium  The 
range  of  dutch  sizes  in  the  data  reported  was  1 6-44  eggs.  They  aliiibuted  (his  large 
percentage  of  medium  contaa  to  high  incidence  of  nest  chamber  collapse  due  to  loose, 
sandy  nesting  medium,  and  obstruction  of  proper  digging  by  rocks  and  roots 


The  letter 


81 

condilion  wu  observed  lo  produce  compressed  chambers  whh  insuflicieni  internal  space 
to  allow  eggs  to  be  solely  supported  by  other  eggs,  these  were  noted  as  a departure  from 
the'  iypical  flask  shape"  Both  collapse  and  compression  of  nest  chambers  limit  the 
amount  of  air  space  that  is  vital  for  gas  exchange,  as  discussed  in  Chapter  4.  Loggcn'head 
nests  may  collapse  due  lo  excessive  drying  of  the  medium,  inundation  and  vibration,  or 
poor  construction  because  of  injured  flippers  or  digging  obstructions. 

A typical  loggerhead  nest  will  have  T2%  ofils  eggs  in  peripheral  posiiions  within 
the  clutch  (Table  I).  The  lop  and  bottom  egg  components  of  (his  number  are  in  contact 
with  the  incubation  medium;  side  contact  with  (he  medium  is  (he  usually  observed 
case,  but  can  be  contingent  on  laying  and  chamber  Riling  mechanics.  Thisailocalionisa 
compromise  between  maximiaing  egg-medium  eonlaci,  which  enhances  water  uptake  and 
thereby  hatchling  quality  (Congdon  and  Gibbons,  1990)  and  spacing  the  dutch  with  inner 
eggs  10  allow  needed  air  space 

Effect  of  Poalion  on  Eaa  Parameters 

Almost  all  of  the  changes  seen  in  reptilian  egg  masses  over  incubation  are  due  to 
water  exchange  (VIeck.  1990).  The  observed  fluctuations  in  egg  mass  (Tig.  i-d)  were  less 
pronounced  than  the  steady  declines  reported  for  flexible-shelled  snapping  turtle 

Initial  decrease  in  egg  mass  observed  in  the  first  few  days  of  incubation  probably 
represents  a period  of  equilibration  with  the  chamber  environment  Tracy  and  Snell 
(I98S)  reported  net  losses  in  mass  ofloggerhead  eggs  over  incubation,  in  the  range  of -8 


to  -19%  ofinilial  egg  mess  The  lop  eggs  in  the  current  study  actually  gained  ID-1 1%  in 
mass.  Meek  (1990)  observed  that  any  change  in  the  moss  of  incubating  eggs  is  due  to 
hydrieflux  Therefore,  contfibulloits  by  precipitation,  inundation  and  groundwater  to 

groundwater  levels  In  the  study  site  were  collected.  The  significant  increase  observed  in 
mean  moss  of  lop  eggs  before  hatching  was  possibly  due  to  their  proximity  to  the  surface 
of  the  sand.  This  would  have  increased  the  intpaa  of  the  aflemoon  precipitation  that  was 
prevalent  during  the  period  when  these  eggs  were  collected.  Ackerman  (1991)  and  Meek 
( 1 990)  note  the  rapidity  with  which  water  uptake  can  occur  in  flexible-shelled  eggs;  this 
may  be  further  accentuated  close  to  hatching  when  high  salute  levels  in  the  egg  fluids  can 
create  large  osmotic  gradients  with  any  water  available  in  the  environment.  Considerable 
amounts  of  precipKaiion  are  needed  to  wet  the  beach  through  to  nest  depth  many  of  the 
quick  rainfall  events  only  wet  the  first  2-4  cm  Water  percolating  down  through  the 
medium  would  first  reach  top  eggs,  and  if  they  are  in  a water  deprived  state,  may  be 
completely  ^sorbed  at  that  level. 

When  sea  turtle  eggs  are  first  laid  they  are  quite  variable  in  their  water  content, 
ran^ng  Irom  extremely  turgid  to  flaccid  VIeck  ( 1 990)  cites  similar  variation  in  oviducal 
and  fresh  ^gsofvariousspcdes  of  snakes  and  lizards.  Palmer  and  Guilletle(l988) 
discussed  the  addition  of  "plumping  water”  to  the  albumen  of  (inpherH.s palyphettim 
in  Blero.  The  variation  observed  in  sea  lunie  eggs  posably  reflects  retention  lime  within 
the  female  and  her  level  of  tissue  hydration.  As  with  mass,  any  Incressc  in  lurgidity  ofsea 


encountered  in  mea5uring  turgidity  led  to  the  use  of  density  u an  indicator  of  the  water 
balance  wilNn  an  egg.  This  is  based  on  water  having  a higher  density  than  the  yolk  stores 
of  the  ^g 

Packard  eiol.  (l9SI)and  Holaling  ei  a/.  (I9B5)  noted  that  e^  suspended  In  the 
center  of  a clutch  may  be  eicposed  to  a diHerem  hydrtc  regime  than  eggs  In  contact  with 
the  medium  This  Is  corroborated  by  the  significant  differences  seen  in  density  (Fig  5*7), 
Bottom  and  top  eggs  maintained  the  highest  mean  levels  of  density  throughout  incubation. 
The  lower  level  of  turgidity  seen  in  side  eggs  is  likely  due  to  peripheral  air  space  contact 
rather  than  sand  contact  in  many  of  the  eggs.  Because  of  the  manner  in  which  a nest  is 
filled  artd  covered  by  the  female  turtle,  only  bottom  and  lop  eggs  are  assured  of  having 
contact  with  the  medium,  side  eggs  near  the  bottom  are  likely  to  have  contact,  whereas 
side  eggs  near  the  top  are  more  likely  to  be  bordered  by  airspaces.  In  the  laboratory 
incubation  experiment  discussed  in  Chapter  3,  eggs  completely  buried  in  sand  were  turpd 
throughout  incubation.  Despite  the  high  humidity  maintained,  the  air-incubated  ^gs  lost 
water  and  developed  concavities  Peripheral  contact  wHh  the  incubation  medium  dearly 
plays  an  importanl  role  in  maintaining  egg  hydration.  The  mud  turtle  {Klwifteriion 
/lawsixtu)  releases  urine  to  wet  the  soil  during  ovipositlon  (Everson.  1989),  bul  sea 
turtles,  coming  from  a hypertonic  medium  where  inlemal  water  is  at  a premium,  have  not 
been  observed  to  use  this  strategy  The  mucous  that  is  deposited  in  varying  amounts 
along  with  the  eggs  during  laying  may  help  to  limit  initial  water  loss. 

DifTerences  in  percentage  of  banding  were  not  significant  among  different  egg 
positions  in  the  nest  The  outwardly  visible  signs  of  banding  Indicale  drying  of  the 
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eggshell  and  rormuion  of  the  chorinallsmoic  membrone  (Thompion.  198S).  Sand- 
incubated  eggs  fitmt  the  Chapter  3 study  showed  60-70%  bonding,  whereas  air-incubated 
eggs  banded  completely  Some  top  eggs  in  the  airrem  study  showed  uneven  banding  or  a 
lesser  amount  orbanding.  In  both  cases,  ready  availability  of  external  water  could  account 
for  the  appearance  of  limited  drying.  Kam  (1993a)  compared  the  amount  of 
vasculariaation  in  the  chorioallantoic  membranes  of  normoxic  and  hypoxic  eggs  of  the 
Florida  red-bellied  turtle  (Pseudemyi  misoni)  and  found  a significant  increase  in  the 
length/density  ofblood  vessels  in  hypoxic  ^s  close  to  hatching  While  banding  as 
measured  in  the  current  study  (percentage  of  external  appearance)  did  not  reveal  any 
posllonal  differences,  future  examination  of  membrane  vasculature  of  eggs  from  different 


locations  in  the  i 


and  nni  subjen  (o  much  shading.  This  may  hove  caused  ihe  lop  eggs  lo  develop  <«ier  and 
pip  sooner  than  deeper  eggs  that  are  more  greatly  influenced  by  the  thermal  Inertia 
generalty  found  at  nesl  depths  (Mrosovsky,  1995).  Clutches  in  which  Ihe  bottom  eggs 
pipped  signihcantly  later  (clutches  25  and  204)  were  likely  exposed  to  groundwater  e^ts 
such  as  cooling  or  uneven  gas  transport,  and  also  may  not  have  recdved  the  benehlofany 
metabolic  healing.  McGehee  (1990)  reponed  longer  Incubation  limes  for  loggerhead  eggs 
artificially  incubated  in  wetter  media,  citing  gas  diffusion  limitations  in  the  wetter  medium 
as  a possble  cause 

Eggs  in  the  current  study  were  taken  into  a stable  thermal  environment  2-3  days 
before  projected  hatch  date,  and  all  the  vl^le  eggs  in  each  clutch  pipped  within  3 days  of 
each  other  Hays  era/.  (1992)  cite  an  extreme  case  in  which  hatchlings  from  a single  nest 
emerged  el  the  sand  surface  over  Ihe  course  of  1 1 days,  which  suggests  that  pipping  look 
placeover  a longer  interval.  Factors  such  as  gas  exchange  may  inieraa  with  temperature 
to  produce  the  observed  range  of  effect  on  duration  ofiiicubalion  (Ackerman,  1980) 
Hydiic  conditions  can  influence  the  metabolism  of  reptilian  embryos  to  produce  larger 
hatchlings  (Vleck,  1990,  Packard,  1994).  However,  at  least  in  some  freshwater  turtles 
iPaeudamys  rKlsoni)  water  does  not  affccl  critical  oxygen  tension  and  yolk-free  hatchling 
mass  (Kam  and  Lillywhite,  1 994).  Therefore,  hydric  effects  on  incubation  duration  may 
be  limited  to  moderating  temperature  changes,  or  the  effects  of  severe  flooding 

Usually  greater  water  availability  is  positively  correlaied  with  greater  hatchling 
mass  inflexible-shelled  eggs  (Morris  el  a/..  1983;  Holalingcla/,  1 985,  Thompson,  1987). 
based  on  more  complete  utilization  of  yolk  stores.  The  lop  eggs  in  this  study  differed  In 


iheir  response  by  producing  lighter  hatchlings,  although  they  were  in  contact  with  the 
medium  As  Figure  5-6  shows,  top  eggs  did  not  differ  signihcantly  in  mass  (and  therefore 
in  water  content)  until  just  a few  days  prior  to  hatching.  The  very  late  increase  in  water 
availabUity  may  have  prevented  it  from  being  channeled  into  yolk  lipid  metabolism  and 
augmentation  of  hatchling  mass.  Gettinger  or  uf.  (1984)  found  that  late  ctnbiyonic 
snapping  turtles  {Ch^tydra  serpentina)  incubated  under  wetter  conditions  attained 
significantly  higher  body  masses  than  those  incubated  under  drier  conditions.  Bottom 
hatchlings  in  the  current  study  were  significantly  heavier  in  2 clutches  and  showed  a trend 
toward  greater  mass  in  2 oilters  The  bottom  ofihe  nest  chamber  appears  to  provide  a 
very  favorable  hydric  envirortment  during  incubation 

Hatchling  sex  is  primarily  affected  by  nest  placement  since  it,  like  incubation 
duration,  is  temperature  dependent  The  sex  ratio  in  a nest  will  be  more  profoundly 
affected  by  constant  direct  insolation  throughout  the  incubation  period,  than  by  minute 
temperature  differcncesdue  to  metabolic  healing  within  a clutch.  The  preponderance  of  a 
single  sex  within  clutches  has  been  documented  for  loggerhead  nests  in  Florida 
(Mrosov^y  and  Provancha.  1989),  so  the  non-significani  effect  of  position  in  3 ofihe  5 
clutches  was  not  surprising  (Fig.  5-11).  Metabolic  healing  within  a clutch  can  affect  the 
sex  ratio  (Mrosovsky  and  Ynlema.  1982),  especially  if  the  clutch  is  within  the  iransilional 
temperature  range  for  sex  dclerminafion  In  clutch  204.  the  inner  eggs  produced  all 
females,  whereas  top  and  bottom  eggs  yielded  20-30%  females  Side  eggs  from  this 
clutch  produced  60%  females  This  pattern  of  sex  mlios  suggests  that  metabolic  healing 
played  a major  role  in  sex  determination  within  this  clutch.  Georges  ( 1 992)  described 
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thermal  gradiems  in  nests  of  pig-nosed  Ritlles  (Carrelochefys  imculpla)  that  resulted  in 
deeper,  cooler  ^s  producing  males  and  upper,  warmer  eggs  producing  females  Nests  of 
this  species  can  produce  both  sexes  by  either  being  at  the  pivotal  temperature  or 
maintaining  thermal  gradients  based  on  insolation.  Sea  turtle  nests  appear  to  have  similar 
potential 


As  discussed  in  Chapter  3.  eggshell  calcium  mobilization  depends  on  the  hydcic 


with  the  incubation  extremes  of  air  and  sand  in  the  laboraiory.  the  differences  among  egg 
positions  in  spent  eggshell  calcium  content  were  not  sigrnficam  This  reflecu  the  subtlety 
of  the  micro-climates  in  the  nest  top  and  bottom  eggs  are  in  definite  medium  contact  and 
side  eggs  may  have  some  contact.  Inner  eggs  may  have  ready  access  to  gases  within  the 
nest  chamber,  but  depend  on  capillary  aaion  or  very  high  humidity  for  their  water 
(Packirdero/..  1981).  The  simUar  trends  seen  in  clutches  3 and  5 (Fig  S- 1 2)  have  inner 
eggs  paralleling  the  air-Incubaied  eggs  In  the  lab  by  relalning  more  calcium  and  bottom 
eggs  losing  more  calcium  in  a manner  comparable  to  the  sand-incubated  eggs  The  high 

over  these  particular  nesisand  the  gas  circulation  within  them  It  is  not  known  whether 

carbon  dioxide  in  the  lower  chamber  combined  with  dry  sand  on  lop  could  accoum  for  the 
calcium  levels  observed  in  lop  eggs  A larger  sampling  of  nalural  nesl  chambers  might 


and  gaseous  environment  surrounding  each  egg.  Unlike  the  «gnificanl 


. differences  seen 
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find  some  in  which  poshioiul  effecls  are  significant,  precisely  because  of  the  range  of 
variation  in  beach  conditions. 


Of  the  parameters  examined  in  this  study,  egg  mass  and  turgidity  showed 
responses  that  could  be  broadly  attributed  to  egg  position  within  the  neat  These  factors 
are  mediated  proximately  by  the  shape  of  the  chamber  the  female  digs.  Incubation 
duration,  hatchling  mass  and  hatchling  sex  respond  to  dutch  effects  as  wdl  as  position 
effects.  The  control  exercised  by  the  female  in  this  case  is  on  a larger  scale,  involving 
chamber  shape,  depth,  and  placement  on  the  beach  relative  to  insolation  and  water 


availabilii 
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Clutch  sue  (#  of  eggs) 


Figure  5-2.  Effect  of  clutch  size  on  the  proportion  of  eggs  observed  in  top  positions 
within  nest  chambers  of  loggerhead  lunles  (P<0.05). 
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Figure  5-3,  EAtei  of  clutch  size  on  the  proportion  of  eggs  observed  in  bottom  positions 
within  nest  chambers  of  loggerhead  turtles  (P<0.0S) 
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Figure  5-4.  Effect  of  clutch  size  on  the  proportion  of  eggs  observed  in  side  positions 
within  nest  chambers  of  loggerhead  turtles. 
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Figure  S-5.  Effect  of  dutch  size  on  the  proportion  of  eggs  observed  In  Inner  positions 
within  nest  chambers  of  loggerhead  turtles  (P<0.05). 
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Figure  5-6.  Mean  egg  mass  at  4 positions  within  the  clutch  during  incubation  Data  are 
front  40  loggertiead  turtle  clutches  Bara  indicate  SE. 


Figure  3-7.  Mean  egg  density  el  A positions  within  the  clutch  during  incubation  Dais  are 
from  40  loggerhead  turtle  clutches  Bars  indicate  SE. 
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Figure  5-8.  Mean  percentage  ofbanding  observed  from  eggs  at  4 poRtions  within  the 
dutch  during  incubation  Data  are  from  40  loggerhead  turtle  clutches  Bars  indicate  SE 
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Figure  S-9.  Incubation  times  tor  eggs  at  4 positions  witiun  ioggerhead  nests  during 
incubation  Data  shown  are  means  from  5 clutches.  Bars  indicate  SE. 
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Figure  S-IO  Mass  of  halchlirgs  from  eggsai4  positions  within  loggerhead  nests  Data 
shown  are  means  from  5 dutches  Bars  indicate  SE. 
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Figure  S-ll.  Proponion  of  females  hatched  Iram  eggs  at  4 poailons  wiUun5  loggerhead 


Ciulch 


Figure  5-12.  Cslcium  comenl  of  shells  from  hmched  eggs  el  4 positions  within  loggerhead 
nests  Dais  shown  are  means  from  3 clutches  Bars  indicate  SE. 


CHAPTER  6 

DISCUSSION  AND  CONCLUSIONS 


Th«  results  of  the  scaiuiuig  electron  microscopy  investigations,  the  laboratory 
incubations  of  eggs  in  air  and  saruL  and  the  calcium  analyses  of  eggs  incubated  rn  sjiu 
provide  strong  support  for  consideration  of  the  eggshell  as  an  important  component  of 
maternal  investment  in  the  egg.  Despite  the  lack  of  any  eflect  of  egg  position  within  the 
nest  on  calcium  dissolution  (Chapter  S),  the  depleted  eggshells  showed  a loss  of  calcium 
similar  in  magnitude  to  the  sand  incubated  eggs  (Figs  3‘S,f‘12).  The  quantity  of  calcium 
carbonate  deposited  on  the  surface  of  the  shell  far  exceeds  the  amount  needed  to  produce 
a viable  hatchling.  The  fact  that  the  calcareous  layer  persists  through  most  of  the 
incubation  - to  be  weakened  by  the  carbon  dioxide  build-up  from  the  pre-hatchling  and  the 
subsequent  carbonic  acid  pulse  - indicates  that  the  eggshell  mineral  layer  is  a responsive 
system  that  generally  has  sufficient  thickness  and  density  to  perform  aU  its  roles  This 
observation  is  also  supported  by  the  weakening  of  the  basal  layer  of  calcium  carbonate 
closest  to  the  fibrous  membrane  (as  observed  in  Chapter  2)  which  may  facilitate  cutting  of 
the  membrane  by  the  hatchling's  egg  tooth  and  subsequent  pipping. 
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The  fresK  yolks  of  Ihe  sea  turtle  eggs  did 


differ  signiRcantly  among  i 


initial  calcium  content  (P<O.OS)  (Table  3-2),  whereas  Ihe  initial  calcium  content  of  fiesh 
eggshell  did  vary  (Fig.  3-2).  The  greater  variation  in  calcium  content  of  (he  eggshell 
perhaps  reflects  the  more  substantial  range  of  variability  to  which  this  proposed  aspect  of 
parental  investment  responds.  Selection  pressures  affecting  iiivcslmeni  of  resources  in  Ihe 
yolk  such  as  parental  energetic  and  optimal  egg  w considerations  (Congdon  and 
Gibbons,  1990)  can  remainfeirly  stable  over  longperiodsoftimefor  sea  turtles.  The 
magnitude  and  type  of  selection  pressures  that  affect  eggshell  thickness  vary  with  every 
nest  deposited  on  Ihe  beach  Kaplan  and  Cooper  (1984)  proposed  that  natural  selection 
may  lavor  developmemal  plasticity  in  conditions  orenvironinenlal  instainlity.  resulting  in  a 
range  of  observed  characters,  this  was  put  forth  as  an  alternative  to  optimal  siae 
theory  but  can  also  explain  (he  observed  range  of  investment  in  eggshell  calcium. 

The  Nest  Chamber  as  Parental  Investineni  in  Care 

Packard  and  Packard  (1930)  cHcd  an  11-18%  decline  in  egg  mass  due  to  water 
loss  in  central  eggs  of  snapping  turtle  nests  as  being  similar  to  15-18%  expected  for  avian 

These  ranges  are  all  consislenl  with  the  type  of  incubation  environment  Into  which  the 
respective  eggs  are  placed,  and  their  relative  reliance  on  external  sources  of  water  for 
developmcm  Avian  eggs  are  the  positional  equivalent  of  inner  eggs,  but  they  occur  in 
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(Congdon  and  Gibbons.  1990) 

Nest  chamber  size  appears  to  have  a highly  significant  if  not  close  relationship  with 
female  body  size  and  reproductive  output.  The  observed  differences  between  the 
variances  of  some  nest  chamber  measurements  at  the  renourished  and  natural  beaches 
indicate  that  the  animals  respond  to  or  are  constrained  by  the  medium  type  in  constructing 
their  nests  Within  the  limits  set  by  female  body  size,  dutch  size  and  the  medium,  modal 
action  patterns  (MAPs)  and  fixed  action  patterns  (FAPs)  are  likely  to  govern  chamber 
excavation  behavior.  Continuation  of  dig^ng  movements  for  a brief  period  if  placed  over 
a hole  and  adjustment  of  its  digging  strokes  in  difficult  media  are  examples  of  external 
influences  that  affect  MAPs  in  sea  turtles.  Retrieval  of  an  egg  that  has  rolled  out  of  the 
nest  by  0 greylag  goose  (■4'uiroruer)  is  a classical  FAP;  she  will  roll  the  egg  back 
towards  her  with  the  underside  of  her  bill,  sdjusling  if  it  veers  to  one  side  until  it  is  back  in 

existent  eggisback  (Coodenoughein/..  1993).  In  the  same  manner,  a sea  turtle  will 
continue  covering  movements  if  moved  off  of  a nest.  These  action  patterns  play  an 

exicnl  10  which  future  serial  casting  of  successive  nests  of  individuals  finds  stereotyped 
nest  excavation  will  eluddaic  the  role  ofbehavior  os  a partial  determinant  of  nest 

If  both  the  eggshell  and  Ihe  nesi  chamber  are  considered  aspects  of  parental 


-balance  of  investment  per  propagule  and  ir 
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clulch  might  be  expected.  The  conunuura  pf  eggshell  thickness  suggests  a direct 
relationship  between  eggshell  thickness  and  extent  of  prepanlion  of  the  incubation 
environment  Reptiles  laying  parchment-shelled  eggs  perform  some  nest  construction,  and 
deposit  their  e^  in  moist  conditions  Turtles  with  flexible  and  ngid-shelled  eggs  carry 
out  substantial  nest  preparation  activities.  Crocodilians.  with  extremely  calcified  eggs, 
build  substantial  nests  and  perform  some  Traditional'  parental  care  activities,  like  assisting 
hatching  and  protecting  the  young 

rieneral  C ommenLs 

Several  important  advances  in  our  understanding  of  sea  turtle  nesting  biology  have 
come  out  of  this  study  and.  in  turn,  point  to  crilicel  gaps  in  our  knowledge  and  possible 
avenues  of  future  inquiry  The  considerable  body  of  prior  work  on  egg  components  and 
changes  occurring  during  incubation  provided  knowledge  of  basic  eggshell  structure  and 
the  fact  that  simctural  integrity  of  the  shell  changes  as  the  mineral  layer  is  dissolved  by  a 
poslulaied  chemical  mechanism.  This  study  has  contributed  observations  of  Ihe 
mechanical  proce.ss  underlying  Ihe  structural  changes,  along  with  Ihe  findings  that 
dissolution  appears  to  occur  homogeneously  over  the  eggshell  stirftce  and  is  influenced  by 
Ihe  incubation  medium  This  new  information  will  provide  direction  in  ducidaiing  the 
mechanism  of  dissolution  and  mobilization,  by  having  localized  the  former  in  the  basemeni 
of  Ihe  mineral  layer  and  indicaling  ihnt  the  living  egg  membranes  involved  in  the  latter  are 
independent  of  some  microhabilat  influences  in  their  formation  Additional  questions 
concerning  Ihe  exaa  role  of  the  two  eggshell  layers  in  protection  and  controlling  passage 
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already  in  place. 

nest  architecmre  was  severely  limited,  consisting  of  body  pit  and  nest  depth  data  and  a few 
other  linear  measurements  of  the  nest  chamber.  Various  behavioral  and  intrinsic  phyacal 

investigations  that  remark  on  the  effects  of  media  on  nest  construction.  The  development 

environment.  By  providing  the  ability  to  accurately  visualize  and  measure  nest  size 
parameters,  casting  has  changed  the  traditional  conc^ts  about  sea  turtle  nest  shape.  It 

shape.  Examination  of  the  body  size  and  dutch  dze  characteristics  in  light  of  the  new 
measurement  information  has  confirmed  that  correlations  exist  between  the  dimensions  of 
a turtle,  the  reproductive  load  she  is  dcporiling,  and  the  size  of  the  chamber  she  prepares 

sites  highlight  the  environmental  influences  that  can  alter  nest  shape,  and  provide 
interesting  preliminary  insights  into  the  role  of  behavior  in  the  nest  construction  process. 

A surfeit  of  questions  raised  by  the  study  remain  to  be  examined  These  include  further 

the  resulting  chamber  shape,  the  question  of  stereotypy  in  construction  of  successive  nests 
by  a female  within  and  among  nesting  seasons,  and  expanded  analysis  of  the  nests 
incorporating  modding  of  chamber  shape  and  egg  filling.  The  techniques  developed  have 
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polenlial  value  as  a bioassay  lo  examine  the  effect  of  renourishment  projects  on  nest 
digging  a^lity  of  sea  turtles 

Recent  investigations  have  demonstrated  the  effects  of  egg  portion  within  reptile 
nests  on  hatchling  sex,  e^  mass  and  hatchling  mass  based  on  temperature  and  water 
availability  during  incubation.  The  current  work  has  com^orated  these  Rndings  and 
advanced  them  by  highlighting  the  extreme  variation  in  observed  egg  position  effects  TTie 
variation  is  caused  by  the  interaction  of  egg  position  and  nest  placement  by  the  female 
within  the  range  of  thermal  and  hydric  regimes  available  This  aspect  of  the  egg  position 
analysis  adds  a finer  level  of  detail  to  our  knowledge  of  natural  incubation  conditions  and 
offers  information  supporting  the  scatter-nesting  hypothecs  in  sea  turtles  Future  research 
along  the  lines  of  clutch  structure  may  involve  further  integration  with  casting  studies  to 
examine  air  space  and  its  effects  on  humidity  and  water  exchange  within  the  clutch  The 
question  of  whether  egg  quality  differs  from  early  to  late  oviposited  eggs  is  a priority,  as  it 
msy  have  important  implteaiions  for  interpretation  of  position  effects 

Several  other  aspects  of  sea  turtle  biology  also  warrant  close  scrutiny  as  maternal 
contributions  to  the  care  of  the  offspring  Many  animals  such  os  birds  and  cetaceans  that 
include  considerable  amounts  of  parental  care  in  their  reproductive  strategies  undertake 
epic  migrations  to  reproductive  sites,  and  spend  substantial  amounts  of  time  there  in  nest 
preparation,  feeding  themselves  and  rearing  offspring  Animals  such  as  gray  whales 
(Kschriehiius  pbams)  that  do  not  appear  to  feed  along  the  migration  routes  or  in  the 
calving  areas,  do  remain  bsricalty  'within  their  element',  not  actually  leaving  the 
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enviranmeni  lo  which  they  are  adapled  and  expoang  ihemsdvea  to  greater  rish 
(Drickamer  and  Vessey,  1982). 

The  long-range  nesting  migrations  of  marine  turtles  have  been  documented 
(Meylan,  1982;  Bowen.  1995a.  1995b):  what  sets  them  apart  from  other  migratory  species 
is  that  the  goal  of  their  travel  is  strictly  to  mate  (some  species)  and  deposit  propagules 
The  nesting  areas  are  often  if  not  usually  lacking  in  food  for  the  adult  females  (Carr  « ai, 
1974),  and  the  tun  of  nesting  Itself  requires  that  the  animal  laboriously  depart  from  its 
normal  environment  and  mode  of  locomotion.  In  light  of  the  lack  of 'iradillonaT  parental 
care,  the  energy  expenditure  in  migrating  and  nesting  alone  can  qualify  as  maternal 
investment  in  care.  Bjomdal  (1982)  calculated  annual  energy  budgets  for  two  foraging 
populations  of  green  turtles:  Tonuguero-ncsiing  animals  could  use  only  10  % ofthmr 
annual  energy  budget  for  reproduction  whereas  animals  from  Surinam  were  able  to  use  24 
% The  difference  was  attributed  to  possible  disparities  in  diet  quality.  Of  the  1 0 48 
investment,  3.4%  was  used  lo  make  eggs.  These  amounts  easily  6i  the  classical  parental 
investment  delinitions  that  call  for  usage  of  resources  lo  increase  survival  chances  of  some 
offsprings  while  compromising  future  offspring  and  the  parent 

Congdonand  Gibbons  (1990).  also  integrates  two  paradigms  The  reproductive  eSbrt  of 
a sea  turtle  based  on  protection  and  nurturing  can  be  considered  ss  several  hundred 
individual  Invesunenis  in  (he  eggshells,  and  3-5  large  invesUnenls  in  the  site  selection  and 
preparation  of  the  nest  chamber  Both  the  small  and  large  scale  mvesimenis  are  subject  to 
the  vicariance  of  the  beach  environment  Location,  shading  and  susceptibility  lo 
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inundalion  mediaie  temperature  to  produce  observed  variation  in  incubation  duration, 
hatchling  sex  and  changes  in  the  mass  of  the  egg  and  hatchling 

On  the  nesting  beach,  the  immediate  investments  of  a female  turtle  in  her 
reproduaive  effort  are  genetic  (the  embr>o).  energetic  (the  yolk),  and 
develapmenttl/prolective'nurturing  (the  albumen,  eggshell  and  nest  chamber) 

Throughout  the  incubation  period  environmental  influences  impinge  on  the  embryo, 
albumen  and  yolk.  All  of  these  essential  thermal,  hydric  and  gas  exchange  characteristics 
of  the  developmental  miUeu  reach  the  inner  e®  compartmenls  only  after  having  been 
'filtered'  by  the  eggshell  and  nest  chamber  which  serve  to  buffer  the  eggs  from  potentially 
harmful  environmental  extremes 

This  incorporation  of  and  dependence  on  vicariance  typifies  a la^e  portion  of  (he 
life  cycle  of  marine  turtles  Carr  (1986)  and  Bolten  and  Balazs  (1995)  described  the 
current-dependent  rnovernems  ofjuvenile  life  stages.  These  characteristics,  like  those 
described  on  (he  nesting  beach,  respond  to  chance,  resulting  in  difterentiaJ  survival  Krebs 

" we  should  not  allow  the  daading  perfection  of  some  parental  adaptations  to 
lead  us  to  assume  that  all  aspects  of  parental  behavior  are  equally  finely  adapted  or 
to  blunt  our  interest  in  other  factors  which  affect  the  devdopmem  and  survival  of 

Though  quite  true,  this  raises  the  question  of  whether  this  work  has  encompassed  one  of 
those  noi  so  "finely  adapted"  cases  or  one  that  is  even  more  finely  adapted,  but  on  a scale 
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compounded  by  rapid  amhropogeni 


ation  obtained  in  conducting  thi 
ilicaiions  ThestaieofFloridahas  1325.3  kmc 
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a turtles  have  adjusted  in  the  past  is  being 
at  degradation.  Development  along  the 


rhorelines  is  accompanied  by  increatang  desires  of  property  holders  for  beach  amiorii 
renourishment,  and  more  lighting  Many  types  of  armoring  prevem  sea  turtles  from 
reaching  optimal  nesting  areas,  Crain  el  al.  <1995)  outlined  the  harards  of  beach 
renourishment,  as  did  Chapter  4 of  this  study.  Wilheringion(l995|  has  provided  mu 
the  crucial  information  known  about  the  disorienting  effects  of  light  on  hatchling  sea 


The  results  of  Chapters  3 and  5 Nghlight  some  of  the  potential  eftecis  of  the 
nesting  medium  on  egg  Incubation  and  hatchling  quality.  With  parameters  such  as 
eggshell  calcium  dissolution,  hatching  synchrony,  and  hatchling  sea  closely  associated  with 

can  have  profound  efiecls  on  hatching  success  and  sea  ratios  Rimkus  and  Ackerman 
(1992)  characterized  renourished  beaches  as  being  welter  and  having  potentially  higher 
thermal  conductivity  The  possibility  of  difTerential  survival  of  ^gs  and  differential  quality 
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Ill 

however,  suggested  lower  predarion  rales  at  that  site  as  the  primary  cause.  The  shape  and 
depth  of  the  nest  chamber  dug  by  a female  was  also  shown  to  be  susceptible  lo  nesting 
medium  variation  between  the  natural  and  the  renourished  areas  (Chapter  4),  In  light  of 
these  elTecls.  the  methodical,  studied  approach  to  renourishment  recommended  by  Crain  ei 
al  (I99S)  is  clearly  warranted 

On  nesting  beadies  where  natural  erosion  is  very  high  and  on  beaches  where 
driving  of  automobiles  is  permitted,  nest  relocation  by  trained  workers  is  a common 
practice  The  current  findings  on  nest  chamber  shape  negate  previous  thinking  about 
excavation  of  chambers  to  receive  relocated  eggs  The  information  is  being  used  to 
formulate  guidelines  for  digging  of  chambers  that  mimic  natural  nests  in  maintaining 
imponanl  conditions  like  air  space  and  optimal  medium  to  egg  contact  (B.A.  Schroeder, 
Florida  Department  of  Environmental  Protection,  pers.  comm ). 

Finally,  the  information  garnered  on  the  large  amounts  of  variability  in  hydric  and 
temperature  regimes  of  nests  can  be  useful  in  planning  habitat  management  and 
conservation  strategies.  This  variability  results  from  small-scale  nest  site  selection  by  the 
turtle  She  selection  in  sea  turtles  appears  to  follow  a scatter-nesting  model  (Mrosovsky, 
1983;  Hayes  era/.,  1995),  mediated  by  beach  slope  (Provancha  and  Ehrharl,  1987}  and 
possibly  other  microclimate  cues.  Eckert  (19870  and  Tucker  (1990)  described  the 
selective  pressure  of  environmental  unpredictability  which  probably  iivtialed  this  tactic  and 
allows  it  to  persist.  The  strategy  of  scalter-nesling  and  spreading  out  reproductive 
investment  to  ensure  some  survival  requires  the  availability  of  a large  nesting  area  rich  in 
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micro-re^mes.  Tllis  should  serve  as  a guideline  in  procuring  and  maintaining  protected 
areas  for  nesting  of  marine  turtles 


LITERATURE  CITED 


Ackerman.  R A.  1980.  Phy»ological  and  ecological  aspects  of  gas  exchange  by  sea  turtle 
eggs.  Am.  Zool.  20:575-583. 

Ackerman.  R.A.  1991  Phy^cal  Actors  aJTeciing  the  water  exchange  ofburied  eggs  In 

Physical  Influences  on  embryonic  development  in  birds  and  reptiles,  D.C.  Deeming 
and  M W.J  Fe^uson,  eds.  pp.  I93-2I2.  Cambridge  University  Press.  Cambridge 

Adterman,  R.A.  and  H.D.  Prange.  1972.  Oxygen  diflusion  across  a sea  turtle  (Chtlonia 
mysAir)  egg  shell.  Comp.  Biochem.  Physiol.  43:905-909. 

Aitken.  R.N.C.  and  S.E.  Solomon  1976.  Observations  on  the  ultraatructure  of  the  oviduct 
ortheCQStaRicangreentuRle<r/w/o>u<im>«kr)  J Exp  Mar  Biol  Ecol.  21:75- 
90 

Bagley.  D.A.,  T.J.  Cascio,  R.D  Owen.  S.A.  Johnson  and  L.M.  Ehrhart.  1994  Marine 
turtle  nearing  at  Patrick  Air  Force  Base.  Florida;  1987-1993:  Trends  and  issues. . 
In.  K.A.  Bjomdal.  A.D.  Bollen,  D A.  Johnson  and  P.J.  Eliazar  (congrilers),  pp. 
130-133  Proceedings  of  (he  fourteenth  annual  symposium  on  sea  turtle  triology 
and  conservation  NOAA  Technical  Memorandum  NMFS-SEFSC-35 1 . 

Baird.  T.  and  S.E.  Solomon  1979.  Calcite  and  aragonite  in  (he  egg  shell  oiChelofua 
mydasL  J.  Exp.  Mar  Biol.  Ecol  36:295-303. 

Bjomdal.  K A 1982  The  cons^uences  of  herbivoiy  for  the  life  histoiy  pattern  of  the 

turtles.  K.A  Bjomdal.  ed  (rev.  ed.  1995).  pp.  1 1 1 -1 16.  Smithsonian  Institution 
Press,  Washington.  D C 

Bolten,  A.B.  and  G.H  Balazs.  1995.  Biology  ofthe  eariy  pelagic  stage  - the  “lost  year" 

In:  Biology  and  conservation  of  sea  Turtles.  K A BjomdaL  ed.  (rev.  ed.  1995).  pp. 
579-581  Smithsonian  Institution  Press,  Washington.  D.C. 

Bowen.BW.  1995a  Tracking  marine  turtles  with  genetic  markers  - voyages  ofthe 
ancient  mariners.  BioScience  45:528-534. 


Institution  Press.  Wuhinglon.  D C. 

Busurd,  H.R.  and  P.  Greenhant.  1968.  Physical  and  chemical  factors  afl'ecting  hatching  in 
the  green  sea  turtle.  Chelonia  Ecology  49:269-276. 

Bustard,  H.R.,  K.  Simkiss,  N.K  Jenkins  and  J.H.  Taylor.  1969.  Some  analyses  of 
artifidally  incubated  eggs  and  hatchlings  of  green  and  loggerhead  sea  turtles  i 
Zool.,  Lond.  158:311-316. 

Carr,  A.  1986  Rips.  FADS  and  little  loggerheads  BioScience36  92-IOO 

Carr.  A , P Ross  and  S.  Carr  1974.  Intemesting  behavior  ofthe  green  turtle.  {Chelaiiia 
mydo!)  at  a mid-ocean  island  breeding  ground.  Copeia  1974:703-706. 

Clark  R.R  1992.  Beadi  conditions  in  Florida:  A statewide  inventory  and  identification  of 
beach  erosion  problem  areas  in  Florida  Beaches  and  Shores  Technical  end  Desgn 
Memorandum  89-1.  Rorida  Department  of  Natural  Resources.  208  pp 

Congdon.i.D  and  J W Gibbons  1 990.  Turtle  eggs  their  ecology  and  evolution  In  Life 
history  and  ecology  of  the  slider  turtle.  J W.  Gibbons,  ed  pp.  109-123 
Smtlhsonian  Institution  Press,  Washington,  D.C 

Conover,  WJ.  ME  Johnson  and  M M Johnson.  1931.  A comparative  study  of  tests  for 
data.  Technometrics  23:351-361.'''' 

Ciain.DA.AB  BollenandK.A  Bjomdal  1995  Effects  of  beach  renourishmenl  on  sea 
turtles.  Review  and  research  initiauves  Restoration  Ecology  3 95-104. 

Dies,  C.E.  and  M.A.  Roberts  1993.  Observations  on  nesi  depth  regulation  in  the  adult 
female  lo^erhead  turtle  (Carclta  carella).  Unpublished  marmsaipt,  Department 
of  Biology.  Univer^  of  Central  Rorida. 

Drickamer.  L.C  and  S H Vessey  1982  ,\nimal  Behavior:  Concepts,  processes  and 
methods.  Willard  Grant  Press,  Boston. 

Eckert,  K.L.  1937.  Environmental  unpredictability  and  leatherback  sea  turtle 
{Dcrmochelys  cnriacea)  nest  loss 


Herpelologica  43  315-323 


Gettinger^  R.D.  C 1.  Paukstis^  findW.H.N.  Gutzke  1984  Influence  of  hydric 

environmeni  on  oxygen  consumption  by  embryonic  turtles  CAtf/yohi  .wrTKrm/u 
and  Tnoiiyx  spinijerus  Physiol.  Zool.  57:468-473. 

Gasc,  i P . S Renous  and  J Lescure.  1 988.  Le  mouvemenr  des  membres  au  cours  du 

comporiement  de  nidificatron  chei  la  Tonue  Lmh  [OfnioclKlys  coriacca).  Etude 
preliminaire  a la  cxsnnaissance  du  repertoire  moteur  des  lortues  marines.  Acta  Zool. 
Crai»v.3l. 581-590. 

Georges.  A.  1992.  Thermal  characteristics  and  sex  deierminalion  in  field  nests  of  the  pig- 
nosed turtle  Carretochelys  uaculpla  (Chelonia  Carretochelydidae)  from  Northern 
Australia.  Aust  J Zool.  40’511-53l 

Goodenough.  J..  B.  McGuire  and  R.  Wallace.  1993.  PerspectivrK  on  animal  behavior 
John  Wiley  and  Sons,  New  York. 

Gross.  T.S..  D.A.  Crain.  K.A.  Bjomdal.  A.B.  Bolton  and  R R Canhy.  1995  Identification 
of  sex  in  hatchling  loggerhead  turtles  (Curerro  caniia)  by  analysis  of  steroid 
concentrations  in  chorioallantoic/amniotic  fluid  Gen  Comp  Endocrinol  99. IDA- 
HO, 

Gutzke.  WHN.,  GC  Packard.  M J Packard  and  T.J.  Boardman.  1987.  Influence  ofthe 
hydric  and  thermal  environments  on  eggs  and  hatchlings  of  painted  turtles 
{Chrystmys pida)  Herpetologica  43:393-404. 

Hailman.  J.P  and  A.M.  Elowson.  1992.  Ethogram  of  the  nesting  female  loggerhead 
(Canila  camiio)  Herpetolopca  48.1-30. 

Hayes,  C A..  C.  Mackay.  C Adams,  J Mortimer.  J.  Speakman  and  M,  Boerema.  1995. 
Nest  site  selection  by  loggerhead  turtles.  Carello  canlla.  Anim  Behav.  45:47-53. 

Hendrickson,  J.R.  1980  The  ecological  strategies  of  sea  turtles.  Am.  Zool.  20:597-608 

Hotaling.  E.C.,  D.C.  Wilhofi  and  S.B.  McDowdl.  1985.  Egg  position  and  wmght  of 
hatchling  snapping  turtles,  Chelydto  serpemino.  in  natural  nests.  J Herpetol 
19:534-536. 

Iverson,  J.B.  1 990  Nesting  and  parental  care  in  the  mud  turtle,  Kiimstemon  Jlawscens. 
Can.  J Zool.  68:230-233 

Iverson,  J B.  and  M.A.  Ewert.  1991  Physical  characteristics  of  reptilian  eggs  and  a 
comparison  with  avian  eggs.  In.  Egg  incubation,  its  effects  on  embiyonic 


116 


development  In  birds  and  rq>iiles.  DC  Deeming  and  MW  J.  Ferguson,  eds.  pp. 
S8-I00.  Cambridge  Univer^ty  Press,  Cambridge 

Kam,  Y 1993a  Physological  effects  ofhypoxia  on  metabolism  and  growth  ofturtle 
embryos.  Reap.  Physiol.  92:127-138. 

Kam.  Y 1993b.  Critical  oxygen  tension  of  reptilian  embryos.  Comp  Biochem  Physiol 
l05a:777-783 

Kam,  Y and  H.B.  Lillywhile.  1994.  Effects  of  temperature  and  water  on  critical  oxygen 
tension  oflurtle  embryos  J.Exp  Zool  268  1-3 

Kaplan,  R.H.  and  W S.  Cooper.  1984.  The  evolution  of  developmental  plasticity  in  the 
reproductive  charaaerlstics:  An  application  of  the  “adaptive  coin-flipping  ’ 
principle  Am  Nat  123:393-410. 

Krebs.  J R andNB  Davies  1991  Behavioural  Ecology:  An  evolutionary  approach 
Blackwell  Scientifle  Publications,  Oxford 

Littell,  R.C.,  R.  J.  Freund  and  P.C.  Specior.  SAS  System  for  linear  models.  Third  Edition, 
Cary,  NC:SAS  Institute.,  1991.  329  pp. 

Maloney,  J.E.,  C Darian-Smith.  Y.  Takahashi,  and  C J Limpus  1990  The  environntenl 
for  the  development  of  the  embryonic  loggerhead  turtle  (Caretia  caresia)  in 
Queensland  Copeia  1990378-387 

McCehee.  M.A.  1979.  Factors  affecting  the  hatching  success  of  loggerhead  sea  turtle  eggs 
(CanlKi  caretti}  caniia).  UnpubI  M.S.  thesis.  University  of  Central  Florida, 
Orlando,  Florida 

McGehee,  M A 1990  Effects  of  moisture  on  eggs  and  hatchlings  of  loggerhead  sea 
turtles  (fareiracarcrAi).  Herpetologica,  46.231-238 

Meylan,  A.  1982.  Sea  turtle  migration  - evidence  from  tag  returns.  In.  Biology  and 
conservation  of  sea  tunles  K .A.  Bjomdal,  ed.  (rev.  ed  1995),  pp  91-100 
Smithsonian  fnstilution  Press,  Washington,  D.C. 

Miller.  J.D  1982  Embryology  of  marine  tunles  Ph  D.  Theris,  Univ  New  England. 
Armidale,  New  South  Wales. 

Montague.  C.L.  1993  Ecological  en^neering  of  inlets  in  Southeastern  Florida:  Design 
criteriafor  sea  Untie  nesting  beaches  ] roastalRes  18:267-276. 


Ptckifd.G.C..  M.J.  Packard,  K.  MillersndT.J  Boardman  1987  influence  of moislure, 
temperalure,  and  substrate  on  snapping  turtle  eggs  Ecology  68  983-993. 

Packard.  M J 1994.  Patterns  of  mobilization  and  deposition  of  calcium  in  embryos  of 
oviparous,  amniolic  vertebrates.  Israel  J.  Zool.  40:481-492. 

Packard,  M.f  andN.B.  Clark.  1996.  Aspects  of  calcium  regulation  in  embryonic 

lepidosaurians  and  cheinnians  and  a review  of  calcium  regulation  in  embryonic 
archosaurians.  Physiol.  Zool.  69:435-466. 

Packard,  M.f.  and  V.G.  DeMarco.  1991.  Eggshell  structure  and  formation  in  eggs  of 
oviparous  reptiles.  In:  Egg  incubation:  its  effects  on  embryonic  development  in 
birds  and  reptiles  D C Deeming  and  M W.  J.  Ferguson,  eds  pp.  53-69. 
Cambridge  University  Press,  Cambridge 

Packard,  M.J.,J.B.  Iverson  and  G.C.  Packard  1984  Morphology  of  shell  formation  rn 
eggsoftheiunleArmatrer7rorjy7i7ve.teerjs  J.  Morphol  181:21-28 

Packard.  M.J  and  G.C.  Packard  1989.  Mobilization  of  calcium,  phosphorus,  and 

magnesium  by  embryonic  alligators.  Alligator  mississippUnsis  Am.  J Physiol 
257;R1541-RI547. 

Packard,  M.J.  and  G.C.  Packard  1991  Sources  of  calcium,  magnesum.  and  phosphorus 
for  etnbiyonicsoftshell  turtles  (rricwricr:9«i//erotis).  J.  Exp.  Zool.  258:151-157. 

Packard,  M.J.,  G.C.  Packard,  and  T.J  Boardman.  1982  Structure  ofeggshellsartd  water 
relations  of  reptiban  eggs  Herpelolugica  38:136-155. 

Packard,  M J . i A Phillips  and  G.C  Packard  1992  Sources  of  mineral  for  green  Iguanas 
C^^IW2:851-858.  ’’ 

Palmer.  B.D.  1990  Functional  morphology  artd  biochemistry  of  reptilian  oviducts  and 
Ph^D  diMertalion.Univeraly  of  Florida,  Gainesville  ”” 

Palmer,  B D..  V.G.  DeMarco  and  L.J.  Guillelie.  Jr.  1993.  Oviduclal  morphology  and 
eggshell  fontialion  in  the  lizard,  Scelt^xiruswoodi.  J Morph.  217:205-217 

Palmer.  B D and  Li.  Guillelie.  Jr.  1988a.  Histology  aad  functional  morphology  of  the 
female  reproductive  tract  of  the  lonoise  Onpherun  piAjpliemti.'i.  Am.  i Anatomy 
183:200-211. 


Palmer.  B.D.  andL.J.  GuilleRe.  Jr  1088b.  Oviducal  proteins  and  their  influence  on 

embryonic  development  in  birds  and  reptiles.  In:  Environmental  influences  on  avian 
and  reptilian  devdopment  M W J Ferguson  and  D.C.  Deeming,  eds.  pp.  29-46. 
Cambridge  University  Press,  Cambridge 

Provancha.  J.  and  L.  Ehrhart.  1987.  Sea  turtle  nesting  trends  at  Kennedy  Space  Center 
and  Cape  Canaveral  Air  Force  Station,  Florida  and  relationships  with  factors 
influencing  nest  site  sdection. /n  Ecology  of  east  Rorida  sea  turtles  W Witzell, 
ed.  pp.33-44.  NOAA  Technical  Report  NMFS  63. 

Renotis,  S.  and  V Bds.  1991.  Etude  cinemalique  de  la  palette  natatoire  anterieure  de  la 
lortueLuih,  i>nnM.'Ae/Ks  coriomi  (Vandelli,  1761).  au  cours  de  sa  locomotion 
terrestre.  Can.  J Zool.  69:496-503. 

Rimlnjs.T.A  andRA  Ackerman.  1992.  Tbe  impact  ofbeacii  renourishment  on  the 

hydric  climate  of  sea  turtle  nesting  beaches  along  the  Atlantic  coast  ofRorida  In: 

conservatiL  J J Richardson  and  T H Richardson  (compilers)^p.  97-102 
NOAA  Technical  Memorandum  NMFS-SEFSC-36I 

SAS  Institute  Inc.  1983.  SAS/STAT  User's  Guide.  Release  6.03  Edition.  Cary,  N.C.  1028 
PP 

Schleich.H.H  and  W Kastle  1988.  Reptile  egg-shells.  SEM  Atlas.  Gustav  Rschn 
Veriag,  Stuttgart 

Shine.  R 1988  Parental  care  in  reptiles /ri  Biology  ofthe  Reptilia.  Vol.  15.  Ecology  B 
Defense  and  life  history.  C Cans  and  R B.  Huey.  eds.  pp  275-329.  Wiley  and 
Sons,  New  York 

Simkiss.  K.  1962  The  sources  of  calcium  for  the  ossilicstlon  of  the  embryos  ofthe  giant 
leathery  turtle.  Comp  Blochem  Physiol  7:71-79. 

Simkiss,  K 1967.  Calcium  in  reproductive  physiology  Reirthold  Publishing  Corp..  New 
York. 

Simkiss.  K and  K M Wilbur.  1989  Biomineralization  Cell  biology  and  mineral 

Solomon,  S.E.  and  T Baird  1976  Studies  on  the  egg  shell  (oviducal  and  oviposited)  of 
Chtlumamydaih.)  Exp  Mar  Biol.  Ecol.  22:145-160. 


120 


Solomon,  S E.  and  T.  Baird.  1977.  Studies  on  Ihe  soft  shell  membranes  of  the  egg  shell  of 
OKtomamydaih  J Exp.  Mar  Biol  Ecol  27:83-92 

Solomon,  S.E  , and  J Beid  1983.  The  effect  ofthe  mammillary  layer  on  eggshell 
formation  in  reptiles.  Anim.  Technol.  34:1-10. 

Solomon,  S.E  and  B.  Tippett.  1987.  The  imra-clutch  localization  of  fungal  hyphaeinthe 
eggshells  of  the  leatherback  turtle,  fleraocMyi  cor/ocea  Anim.  Technol  38:73- 


Solomon,  S.E  and  J.M.  Watt  1 985.  The  structure  of  the  eggshell  of  the  leatherback  turtle 
{Dermochelys  mruKiM)  Anim  Technol.  36:19-27 

Slandora.  E.A.,  S.J  Morreale,  G.J.  Buiz  and  J B Spotila.  1995  Sex  determination  in 
green  turtle  {Chthitna  mydas)  hatchlings  can  be  influenced  by  egg  position  within 
the  nest  Bull  Ecol.  Soc  63:83-84. 

Thompson,  M.B.  1985.  Functional  significance  of  the  opaque  white  patch  in  eggs  of 
Fjnydara  maapiarn.  In:  Biology  of  Australasian  frogs  and  rutiles  G Grigg,  B 
Shine  and  H.  Ehmann,  eds.  pp.  387-395.  Surrey,  Beauty  and  Sons,  Sydney 

Thompson,MB  1987  Water  exchange  in  reptilian  eggs.  Physiol.  Zool.  60.1-8 

Tholnpso^  M B.  1988.  Nest  temperatures  in  the  pleurodirin  turtle,  EmyiJura  macquarii 
Copeia  1988:996-1000. 

Thompson,  MB.  1989.  Patterns  of  metabolism  in  embryonic  reptiles  Besp  Physiol 
76:243-256, 

Tracy.  C.R  and  H.L.  Snell.  1985.  Interrelations  among  water  and  energy  relations  of 
reptilian  eggs,  embryos  and  hatchlings.  Am.  Zool.  25:999-1008. 

Trivers,  B.L.  1985.  Social  evolution  Cummings,  Menlo  Park,  California 

Tucker.  A.D  1990  A test  ofthe  scatter-nesting  hypothesis  at  a seasonally  stable 

leatherback  rookery  In  Proceedings  of  the  tenth  annual  woriubop  on  sea  turtle 
biology  and  conservation.  T H.  Richardson,  J.J.  Richardson  and  M Donnelly 
(compilers)  pp.  11-14.  NOAA  Technical  Memorandum  NMFS-SEFC-278. 

VIeck.  D.  1990.  Water  economy  and  solute  regulation  of  reptilian  and  avian  embryos.  In: 
Egg  incubation:  Its  effea  on  embryonic  development  in  birds  and  reptiles.  D C 
Deeming  and  M W.J.  Ferguson,  eds  pp  245-259.  Cambridge  University  Press, 
Cambridge. 


]2t 


Walsberg.  G.E.  I9S0.  Ths  gaseous  microclimale  of  the  sviiui  nest  during  incubalion 
Amer.  Zool.  20:363-372. 

Wirherington.  B .E.  1995  Haichling  oriemation  /«  Biology  and  conservalion  of  sea 

turtles  K.A  Bjomdal.  ed  (rev  ed.).  pp  577-578.  Smithsonian  litstilutiun  Press. 
Washington,  D C. 

Wynekeni.TJ.  Burke.  M.  Salmon  and  DK.  Pedersen  1988  Egg  ^lure  in  natural  and 
rdocated  sea  turtle  nests  J Herpelol  22  88-96 

Zangerl.  R 1980  Patterns  of  phylogenetic  dilTerentiation  in  the  Toxochelyid  and 
Cheloniid  sea  turtles  Am.  Zool.  20.585-596. 


BIOGRAPHICAL  SKETCH 


Raymond  Raoul  Caithy  was  bom  on  December  8,  I9S9,  in  Point  Fortin.  Republic 
ofTrinidad  and  Tobago.  When  he  was  2 years  old.  his  family  immigrated  to  the  United 
States  and  took  up  residence  in  Brooklyn.  New  York  His  parents  were  major 
contributors  to  an  eclectic  early  education  which  eventually  coalesced  into  a primaty 

Ray  graduated  from  the  science-oriented  Sruyvesant  High  School  in  Lower 
Manhattan  In  June  of  1976.  He  went  onto  major  in  biology,  with  additional 
concentrations  In  business  and  Spanish,  at  Manhattan  College  in  Riverdale.  New  York 
Following  his  graduation  in  1 980.  he  entered  the  Master  of  Science  program  at  Slippery 
Rock  Univeraty  in  Slippery  Rock.  PennsylvaniB  It  was  there  that  Ray  cultivoted  an 

completed  his  M S in  the  spring  of  1983  and  was  awarded  a Smithsonian  Institution 
Summer  Research  Lntem^ip  at  the  Natural  History  Museum  irt  Washington.  D.C 

Once  the  internship  evolved  Into  a position  as  a Museum  Specialist.  Ray  indulged 
several  ofhis  other  Interests,  besides  working  full-lime  at  the  museuin.  he  did  wedding  and 
fashion  photography,  was  a member  of  and  booking  agent  for  the  Original  Trinidad  and 
Tobago  Sledband  of  Washington.  DC.,  and  worked  as  both  a volunteer  and  consultant 
for  the  Center  for  Marine  Conservation  (CMC).  In  1990,  realizing  that  he  had  indeed 


)23 


finally  pursuing  a Ph.D. 

Ray's  woiii  with  CMC  on  Inlemallonal  wildlife  conservation  issues  heightened  his 
biological  interests  in  endangered  species  aitd  sea  turtles  In  particular,  tins,  and  receipt  of  a 
McKnighi  Doctoral  Fellowship  from  the  Florida  Education  Fund,  led  him  to  the  Umversity 
of  Florida,  Department  ofZoology,  to  work  under  the  supervision  of  Dr.  Karen  Bjomdal 
He  became  affiliated  with  the  Florida  Cooperative  Fish  and  Wildlife  Research  Unit  where 
he  is  currently  completing  a Cooperative  Education  Agreement  He  Is  merried  to  Dr 
Carlene  Chase  of  Arima.  Trinidad,  who  is  curremly  working  with  (he  U.S.D.A.. 
Agricultural  Research  Service  in  the  Agronomy  Physioiogy  Laboratory,  University  of 


I certify  Ihal  I have  read  this  study  and  that  in  my  opinion  il  conforms  to 
acceptable  standards  of  scholarly  preseniallon  and  is  fully  adequate,  in  scope  and  quality, 
as  a dissertation  for  the  degree  of  Doctor  of  Philosophy 


I certify  that  I have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presenlatinn  and  is  fully  adequate,  in  scope  and  quality, 
as  a dissertation  for  the  degree  of  Doctor  of  Philos^hy 


Alan  B.  Bolten 
Assistant  Scientist  of  Wildlife  Ecology 
and  Conservation 


1 certify  that  I have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fiilly  adequate  in  scope  and  quality, 
as  a dissertation  for  the  degree  of  Doctor  of  Philosophy 


Professor  of  Zoology 


1 certify  that  I have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a dissertation  for  the  degree  of  Doctor  of  Philosophy. 

jfku'ui 

Larry  R McEdwara 
Associate  Professor  ofZoology 


I certify  that  I have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  inaaii  and  quality, 
as  a dissertation  for  the  degree  ofDoctorof  Philosoi^ ' 


and  Conservation 


Zooloiiy  in  the  College 
accepted  as  partial  fulfi 

of  Liberal  Ana  and  Sciences  and  to  the  Graduate  School  and  was 
litnem  of  the  requirements  for  the  degree  of  Doctor  of  Philosophy 

August,  1996 

Dean.  Graduate  School 

